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Abstract

Nuclear data needs for the newest generation (Gen-IV) of nuclear power plants focus,

mainly, on several neutron-induced fission cross section in the fast neutron energy re-

gion. Following the directions of the Nuclear Energy Agency (NEA) [1] and within

the Accurate Nuclear Data for nuclear Energy Sustainability (ANDES) collabora-

tion [2], the neutron-induced fission cross section of 240,242Pu needs to be determined

with improved accuracy of 1-3% and of 5%, respectively. At the Institute for Refer-

ence Materials and Measurements (JRC-IRMM) a measurement of this cross section

relative to three different fission cross section standards (235U, 238U and 237Np) was

performed using a Twin Frisch-Grid Ionization Chamber. The neutrons were produced

at the 7 MV Van de Graaff accelerator, covering an energy range from 0.3 MeV to

3 MeV. In addition to an extended study on the overall corrections needed to achieve

accurate cross section results, the spontaneous fission half-life for 240,242Pu has been

determined, too.

Keywords: neutron-induced fission cross section, 240Pu, 242Pu, 237Np, 238U, spon-

taneous fission half-life, Ionization chambers, accelerator.
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Pretel, C., Vidali, M., Measurement of the neutron-induced fission cross

section of 240,242Pu, Physics Procedia 47, 150-155 (2013).

vii





Contents

Abstract iii

Publication List vii

Table of Contents ix

List of Acronyms xiii

List of Figures xv

List of Tables xix

Introduction 1

1. The future of nuclear energy 3

1.1 Nuclear energy and power plants . . . . . . . . . . . . . . . . . . . . . 3

1.2 Evolution of nuclear power plants . . . . . . . . . . . . . . . . . . . . . 5

1.2.1 Fast neutron reactors . . . . . . . . . . . . . . . . . . . . . . . 6

1.2.2 Nuclear data needs for the Gen-IV . . . . . . . . . . . . . . . . 8

1.2.3 The importance of 240,242Pu and other actinides . . . . . . . . 9

1.3 The ANDES collaboration . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.3.1 Related projects within the ANDES collaboration . . . . . . . 11

2. State-of-the-Art 13

2.1 Experiments ANDES collaboration . . . . . . . . . . . . . . . . . . . . 13

2.1.1 240,242Pu(n,f) measurement at the n TOF facility (INFN, ITN) 13

2.1.2 240,242Pu(n,f) measurement at the AIFIRA facility (CNRS) . . 15

2.2 The MetroFission experiment . . . . . . . . . . . . . . . . . . . . . . . 16

2.3 Previous experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.3.1 240Pu(n,f) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.3.2 242Pu(n,f) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.3.3 Common experiments, 240,242Pu(n,f) . . . . . . . . . . . . . . . 19

2.3.4 Data comparison and discussion . . . . . . . . . . . . . . . . . 19

ix



x CONTENTS

3. Experimental laboratories 25

3.1 The Van de Graaff accelerator . . . . . . . . . . . . . . . . . . . . . . . 25

3.1.1 Neutron production . . . . . . . . . . . . . . . . . . . . . . . . 26

3.2 Ionization Chamber . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.2.1 Twin Frisch-Grid Ionization Chamber . . . . . . . . . . . . . . 29

3.2.2 Gases used, potential applied and pressure . . . . . . . . . . . . 32

3.3 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.4 Sample description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.4.1 Measurement of the 238U sample mass . . . . . . . . . . . . . . 38

3.4.2 Measurement of the 235U (#1) sample mass . . . . . . . . . . . 39

3.4.3 Vacuum deposition vs electrodeposition . . . . . . . . . . . . . 40

4. Data aquisition and DSP 43

4.1 Data acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.1.1 Treatment of the signals . . . . . . . . . . . . . . . . . . . . . . 44

4.2 Corrections to the Pulse Height . . . . . . . . . . . . . . . . . . . . . . 47

4.2.1 Grid inefficiency correction . . . . . . . . . . . . . . . . . . . . 47

4.2.2 Alpha pile-up rejection . . . . . . . . . . . . . . . . . . . . . . . 48

4.2.3 Extrapolation to zero pulse height . . . . . . . . . . . . . . . . 48

5. Improvements and SF half-lives 49

5.1 Measuring high α-active targets . . . . . . . . . . . . . . . . . . . . . . 49

5.2 Efficiency determination . . . . . . . . . . . . . . . . . . . . . . . . . . 51

5.2.1 Angular dependence . . . . . . . . . . . . . . . . . . . . . . . . 52

5.2.2 Improving the signal rise time: P10 vs CH4 . . . . . . . . . . . 54

5.2.3 Theoretical calculation of FF losses in the sample . . . . . . . . 59

5.2.4 GEANT4 simulations . . . . . . . . . . . . . . . . . . . . . . . 59

5.2.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.3 Spontaneous fission half-life . . . . . . . . . . . . . . . . . . . . . . . . 60

5.3.1 Results and comparison with available data . . . . . . . . . . . 60

6. Cross section measurements 65

6.1 Cross section formulation . . . . . . . . . . . . . . . . . . . . . . . . . 65

6.2 Corrections to the data . . . . . . . . . . . . . . . . . . . . . . . . . . 67

6.2.1 Lost counts due to electronic threshold . . . . . . . . . . . . . . 67

6.2.2 Target thickness and anisotropy of FF angular distribution . . 68

6.2.3 Influence of the neutron spectrum and the sample spot size and

inhomogeneity . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

6.2.4 Correction due to the excited state of 7Li(p,n)7Be . . . . . . . 71



CONTENTS xi

6.2.5 Correction of the neutron spectrum by thermalized fast neutrons

due to the setup . . . . . . . . . . . . . . . . . . . . . . . . . . 71

6.3 Evaluations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

6.4 Uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

7. Fission cross section results 79

7.1 Results on the fission cross section . . . . . . . . . . . . . . . . . . . . 79

7.1.1 Measurements of 240,242Pu(n,f) relative to 237Np(n,f) . . . . . . 79

7.1.2 Measurements of 240,242Pu(n,f) relative to 238U(n,f) . . . . . . 80

7.1.3 Measurements of 237Np(n,f) relative to 238U(n,f) . . . . . . . . 83

7.1.4 Measurements of 238U(n,f) relative to 235U(n,f) . . . . . . . . . 84

7.1.5 Measurements of 237Np(n,f) relative to 235U(n,f) . . . . . . . . 85

7.1.6 Measurements of 240,242Pu(n,f) relative to 235U(n,f) . . . . . . 86

7.2 Discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

7.2.1 238U(n,f) cross section . . . . . . . . . . . . . . . . . . . . . . . 88

7.2.2 237Np(n,f) cross section . . . . . . . . . . . . . . . . . . . . . . 88

7.2.3 240Pu(n,f) cross section . . . . . . . . . . . . . . . . . . . . . . 90

7.2.4 242Pu(n,f) cross section . . . . . . . . . . . . . . . . . . . . . . 90

Conclusions 93

Appendix A. Numerical values MCNP 101

Appendix B. Numerical cross section results 105

B.1 Numerical results of the 238U(n,f) . . . . . . . . . . . . . . . . . . . . . 105

B.2 Numerical results of the 237Np(n,f) . . . . . . . . . . . . . . . . . . . . 106

B.3 Numerical results of the 240Pu(n,f) . . . . . . . . . . . . . . . . . . . . 107

B.4 Numerical results of the 242Pu(n,f) . . . . . . . . . . . . . . . . . . . . 110

Acknowledgements 113

References 115

Paper I 123

Paper II 133

Paper III 143

Paper IV 147





List of Acronyms

ABTR Advanced Breeder Test Reactor

ANDES Accurate Nuclear Data for nuclear Energy Sustainability

CFD Constant Fraction Discriminator

DAQ data acquisition system

DSP digital signal processing

EXFOR Experimental Nuclear Reaction Data Library

FF fission fragment

FNR Fast Neutron Reactors

GIF Generation IV International Forum

HPRL High Priority Request List

HV high voltage

IC ionization chamber

IEA International Energy Agency

JRC-IRMM Joint Research Center - Institute for Reference Materials and

Measurements

NEA Nuclear Energy Agency

PCI Peripheral Component Interconnect

PH pulse height

SF spontaneous fission

TFA Timing Filter Amplifier

TFGIC Twin Frisch-Grid Ionization Chamber

xiii



xiv LIST OF ACRONYMS

VdG Van de Graaff

WFD Waveform Digitizers

WP Work Package



List of Figures

1.1 World electricity production in 1973 and 2011. . . . . . . . . . . . . . 4

1.2 Growth in nuclear power capacity and its share of global electricity

production. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Example of processes that can lead to the production of 240,242Pu and

other minor actinides in the fuel of a nuclear power plant core. . . . . 10

2.1 Schematic view of part of the Micromegas assembly. . . . . . . . . . . 14

2.2 The Micromegas assembly. . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.3 Preliminary results of the n TOF experiment for 242Pu. . . . . . . . . 14

2.4 Experimental setup of the measurement performed at Bruyères-le-Châtel

relative to the 1H(n,p) reaction. . . . . . . . . . . . . . . . . . . . . . . 15

2.5 Summary of the most relevant experiments performed on the neutron-

induced fission cross section of 240Pu compared with current evaluations. 22

2.6 Summary of the most relevant experiments performed on the neutron-

induced fission cross section of 242Pu compared with current evaluations. 23

3.1 Scheme of the Van de Graaff facility at JRC-IRMM. . . . . . . . . . . 26

3.2 Neutron flux spectrum of the 7Li(p,n)7Be reaction and the T(p,n)3He

reaction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.3 Differential cross section in the laboratory system as a function of

the proton energy and the neutron emission angle for 7Li(p,n)7Be,
7Li(p,n)7Be* and T(p,n)3He. . . . . . . . . . . . . . . . . . . . . . . . 28

3.4 Stability test of the Li metallic sample. . . . . . . . . . . . . . . . . . . 28

3.5 Schematic view of a TFGIC and its expected signals. . . . . . . . . . . 30

3.6 Drift velocity and breakdown voltage of CH4 and P10. . . . . . . . . . 33

3.7 Experimental setup for a cross section measurement. . . . . . . . . . . 34

3.8 Picture of the beam line with the neutron producing target at the end

and the Twin Frisch-Grid Ionization Chamber (TFGIC) centered with it. 35

3.9 Picture of the beam line with the neutron producing target at the end,

the TFGIC and the shielding structure around it. . . . . . . . . . . . . 36

3.10 Picture of the 242Pu sample and the TFGIC. . . . . . . . . . . . . . . 37

xv



xvi LIST OF FIGURES

3.11 Determination of the 238U sample mass. . . . . . . . . . . . . . . . . . 40

3.12 Fluorescence images of the 237Np sample, the 240Pu sample and the
242Pu sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.1 Scheme of the process followed to record and analyze the data (following

Figure 3.7). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.2 Charge collected by the anode and grid sampled with 100 MHz for an

event of the 242Pu using P10 as counting gas. . . . . . . . . . . . . . . 45

4.3 Baseline corrected anode and grid signals for the same event as pre-

sented in Figure 4.2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.4 Differentiation of the anode and grid signals using the decay time of the

preamplifier. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.5 Anode and grid raw signals (black) and corrected signals (red) after

baseline, ballistic deficit and α pile-up for an event of the 242Pu sample

using P10 as counting gas and having an α-particle signal (blue arrow)

at the beginning of the fission fragment (FF) slope. . . . . . . . . . . . 46

4.6 Anode and grid raw signals (black) and corrected signals (red) after

baseline, ballistic deficit and α pile-up for an event with α pile-up hap-

pening well before the fission event. . . . . . . . . . . . . . . . . . . . . 47

4.7 Amplitude signal of the anode and grid after CR-(RC)4 filtering. . . . 47

4.8 Grid pulse height (PH) versus anode PH and its projection; data of
242Pu with P10 as counting gas and at 2.0 MeV. . . . . . . . . . . . . 48

5.1 Grid PH versus anode PH for 240,242Pu. . . . . . . . . . . . . . . . . . 50

5.2 Charge collected by the anode and grid sampled with a 100 MHz Waveform

Digitizers (WFD) for an event of 240Pu using P10 as counting gas. . . 50

5.3 Grid PH versus anode PH for 242Pu and emission angle range. . . . . 52

5.4 Angular distribution for 242Pu and its PH distribution. . . . . . . . . . 53

5.5 Correlation between α pile-up before the FF event and the degradation

of the cosine distribution for 242Pu and 240Pu using P10 as counting gas. 54

5.6 Correlation between α pile-up after the FF event and the degradation

of the cosine distribution for 242Pu and 240Pu using P10 as counting gas. 54

5.7 Grid signals obtained with 240Pu using either P10 or CH4. . . . . . . . 55

5.8 2D grid PH versus anode PH distribution using CH4 as counting gas

for 240Pu and its projection of the anode PH compared with the same

distribution using P10. . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5.9 Correlation between α pile-up before the FF event and the degradation

of the cosine distribution for 242Pu and 240Pu using CH4 as counting gas. 57



LIST OF FIGURES xvii

5.10 Comparison of the cosine distributions for different runs for 242Pu using

P10 and CH4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.11 Comparison of the cosine distributions of 240Pu obtained using P10 and

CH4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.12 Spontaneous fission half-life results for 240Pu and 242Pu compared with

some literature values. . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

6.1 Comparison of PH spectra taken with different isotopes. . . . . . . . . 68

6.2 Geometry used in the simulations with the MCNP code. (a) Setup #1 ;

(b) setup #2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

6.3 Neutron flux simulated with MCNP using the configuration of setup

#1 and normalized by the fission cross section for 0.8 MeV LiF and

1.8 MeV TiT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

6.4 Correction factors to account for the neutrons outside the region of

interest produced by a thermalization in the setup #1 between the

neutron producing target and the fissile deposits. . . . . . . . . . . . . 73

6.5 Correction factors to account for the neutrons outside the region of

interest produced by a thermalization in the setup #2 between the

neutron producing target and the fissile deposits. . . . . . . . . . . . . 74

6.6 Influence of the different modifications in the setup as a function of the

neutron flux for each isotope. . . . . . . . . . . . . . . . . . . . . . . . 74

6.7 Evaluations of the neutron-induced fission cross section of 237Np. . . . 75

6.8 Evaluations of the neutron-induced fission cross section of 238U. . . . . 76

6.9 Evaluations of the neutron-induced fission cross section of 235U. . . . . 77

7.1 Scheme of the overall experimental campaigns. . . . . . . . . . . . . . 79

7.2 Neutron-induced fission cross section of 240Pu using as reference 237Np(n,f). 81

7.3 Neutron-induced fission cross section of 242Pu using as reference 237Np(n,f). 81

7.4 Neutron-induced fission cross section of 240Pu using as reference 238U(n,f). 82

7.5 Neutron-induced fission cross section of 242Pu using as reference 238U(n,f). 82

7.6 Neutron-induced fission cross section of 237Np using as reference 238U(n,f). 84

7.7 Neutron-induced fission cross section of 238U using as reference 235U(n,f). 85

7.8 Neutron-induced fission cross section of 237Np using as reference 238U(n,f)

and 235U(n,f). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

7.9 Neutron-induced fission cross section of 240Pu using as reference 235U(n,f),
238U(n,f) and 237Np(n,f). . . . . . . . . . . . . . . . . . . . . . . . . . 87

7.10 Neutron-induced fission cross section of 242Pu using as reference 235U(n,f),
238U(n,f) and 237Np(n,f). . . . . . . . . . . . . . . . . . . . . . . . . . 87

7.11 Summary of the neutron-induced fission cross section of 238U. . . . . . 89



xviii LIST OF FIGURES

7.12 Summary of the 237Np(n,f) results obtained in this experiment. . . . . 89

7.13 Summary of the 240Pu(n,f) results obtained in this experiment. . . . . 91

7.14 Summary of the 242Pu(n,f) results obtained in this experiment. . . . . 91

A Summary of the results of this experiment compared with the most

relevant experiments performed on the neutron-induced fission cross

section of 240Pu and with current evaluations. . . . . . . . . . . . . . . 96

B Summary of the results of this experiment compared with the most

relevant experiments performed on the neutron-induced fission cross

section of 242Pu and with current evaluations. . . . . . . . . . . . . . . 97

C Summary of the results of this experiment compared with the some

experiments performed on the neutron-induced fission cross section of
237Np and with current evaluations. . . . . . . . . . . . . . . . . . . . 98

D Summary of the results of this experiment compared with the some

experiments performed on the neutron-induced fission cross section of
238U and with current evaluations. . . . . . . . . . . . . . . . . . . . . 99



List of Tables

1.1 Main types and characteristics of Fast Neutron Reactors. . . . . . . . 7

1.2 Summary of highest priority of nuclear data and their target accuracies

for fast reactors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1 Summary of the uncertainties corresponding to the neutron-induced fis-

sion cross section of 240Pu of the literature values presented in Figure 2.5

and the target accuracy requested by the HPRL. . . . . . . . . . . . . 21

2.2 Summary of the uncertainties corresponding to the neutron-induced fis-

sion cross section of 242Pu of the literature values presented in Figure 2.6

and the target accuracy requested by the HPRL. . . . . . . . . . . . . 21

3.1 Nuclear reactions and their energy regions available at the VdG of the

JRC-IRMM. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.2 Properties of the counting gases employed in this work. . . . . . . . . 33

3.3 Main characteristics of the 240,242Pu samples. . . . . . . . . . . . . . . 37

3.4 Main characteristics of the reference samples 237Np and 238U used. . . 38

3.5 Main characteristics of the reference samples of 235U used. . . . . . . . 39

5.1 Summary on the efficiency (ε) results by using different methods, count-

ing gas and cosine distributions. . . . . . . . . . . . . . . . . . . . . . . 60

5.2 Summary of the uncertainties corresponding to the spontaneous fission

(SF) half-life (T1/2,SF ) for 240,242Pu. . . . . . . . . . . . . . . . . . . . 61

5.3 Summary of the SF half-life (T1/2,SF ) for 240,242Pu. . . . . . . . . . . . 61

5.4 Summary of the uncertainties corresponding to the SF half-life (T1/2,SF )

of the literature values presented in Fig. 5.12 for 240Pu. . . . . . . . . 62

5.5 Summary of the uncertainties corresponding to the SF half-life (T1/2,SF )

of the literature values presented in Fig. 5.12 for 242Pu. . . . . . . . . 62

6.1 Correction due to the electronic threshold for each isotope at each ratio

measured. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

xix



xx LIST OF TABLES

6.2 Summary on the efficiency (ε) values for each sample as a function of

its position with respect to the neutron beam and the neutron incoming

energy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

6.3 Correction due to the anisotropy in the neutron emission and the influ-

ence of the sample spot size and its inhomogeneities. . . . . . . . . . . 70

6.4 Summary of the systematic uncertainties corresponding to the cross

section measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

6.5 Summary of the total uncertainty corresponding to each fission cross

section ratio measured. . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

A.1 Numerical values of the correction factors corresponding to Figure 6.4(a).101

A.2 Numerical values of the correction factors corresponding to Figure 6.4(b).102

A.3 Numerical values of the correction factors corresponding to Figure 6.5(a).102

A.4 Numerical values of the correction factors corresponding to Figure 6.5(b).103

A.5 Numerical values of the correction factors corresponding to Figure 6.6(a).103

A.6 Numerical values of the correction factors corresponding to Figure 6.6(b).103

B.1 Measured 238U(n,f) cross section using as a reference the ENDF/B-

VII.1 235U(n,f) cross section. . . . . . . . . . . . . . . . . . . . . . . . 105

B.2 Measured 237Np(n,f) cross section using as a reference the ENDF/B-

VII.1 238U(n,f) cross section and the values obtained for the 238U(n,f)

cross section in this experiment (see Table B.1). . . . . . . . . . . . . . 106

B.3 Measured 237Np(n,f) cross section using as a reference the ENDF/B-

VII.1 235U(n,f) cross section. . . . . . . . . . . . . . . . . . . . . . . . 106

B.4 Weighted average of the measured 237Np(n,f) cross section. . . . . . . 107

B.5 Measured 240Pu(n,f) cross section using as a reference the ENDF/B-

VII.1 237Np(n,f) cross section and the weighted average of the 237Np(n,f)

cross section results of this experiment. . . . . . . . . . . . . . . . . . 107

B.6 Measured 240Pu(n,f) cross section using as a reference the ENDF/B-

VII.1 235U(n,f) cross section. . . . . . . . . . . . . . . . . . . . . . . . 108

B.7 Measured 240Pu(n,f) cross section using as a reference the ENDF/B-

VII.1 238U(n,f) cross section and the values obtained for the 238U(n,f)

cross section in this experiment (see Table B.1). . . . . . . . . . . . . . 108

B.8 Weighted average of the measured 240Pu(n,f) cross section. . . . . . . 109

B.9 Measured 242Pu(n,f) cross section using as a reference the ENDF/B-

VII.1 237Np(n,f) cross section and the weighted average of the 237Np(n,f)

cross section results of this experiment. . . . . . . . . . . . . . . . . . 110

B.10 Measured 242Pu(n,f) cross section using as a reference the ENDF/B-

VII.1 235U(n,f) cross section. . . . . . . . . . . . . . . . . . . . . . . . 111



LIST OF TABLES xxi

B.11 Measured 242Pu(n,f) cross section using as a reference the ENDF/B-

VII.1 238U(n,f) cross section and the values obtained for the 238U(n,f)

cross section in this experiment (see Table B.1). . . . . . . . . . . . . . 111

B.12 Weighted average of the measured 242Pu(n,f) cross section. . . . . . . 112





Introduction

The aim of this project is to provide the nuclear data community, in particular evalua-

tors, with new accurate data on the neutron-induced fission cross section of 240,242Pu.

This project should achieve the target accuracy requested by the OECD/NEA [1],

1-3% for 240Pu(n,f) and 5% for 242Pu(n,f), as current accuracies are 5% and 20%,

respectively. The neutron energy of interest is in the fast region, from 300 keV up

to 3 MeV, which correspond to the neutron spectrum in the core of GEN-IV nuclear

power plants. The challenge of these two transuranium isotopes falls in the difficulty

of getting the material of appropriate purity and in their high α-activity, what makes

them difficult to handle.

In Chapter 1, the importance of measuring the neutron-induced fission cross sec-

tion of 240,242Pu is explained. An overview of the current status of the nuclear energy

in the overall share of energy production is presented. The nuclear data needs for

the improved designs of the new generations of nuclear power plants are listed. Ad-

ditionally, the main purposes to be achieved by the ANDES collaboration, where this

project was englobed, are disclosed.

The previous experimental data sets available in the literature are described to-

gether with the most recent evaluations in Chapter 2. Also, the importance of the

uncertainties in experimental data is interpreted.

All the experimental laboratories, techniques and samples used are disclosed in

Chapter 3. Specially, an extended discussion is given on the neutron flux characteri-

zation and the sample mass measurements; issues that are believed to be a key point

of the excellent performance of cross section measurements.

In Chapter 4, the newly digital system to acquire data is expound. The main

advantages of this system are listed.

Thanks to the spontaneous fission half-lives of both isotopes 240,242Pu, the exper-

imental techniques could be improved without the need of beam time. In addition,

highly accurate values of the spontaneous fission could be determined for both isotopes

as explained in Chapter 5.

The fission cross section measurements are explained in Chapter 6. Not only the

mathematical formulation is given, but a detailed description of the corrections needed

to achieve final results are revealed. Special care is taken for the MCNP simulations,

1



2 INTRODUCTION

since they are of stake for the correct comprehension of the neutron spectra seen by the

different reference samples used. In addition, a detailed description of the uncertainties

implied in this experiment is listed. Finally, the reference cross section evaluations are

presented.

All the cross section results are listed chronologically in Chapter 7. Discussions on

the different results achieved are given.

Finally, in the Conclusions, an overview of the work is given and further measure-

ments are proposed.



Chapter 1
The future of nuclear energy

1.1 Nuclear energy and power plants

The total worldwide electricity production by nuclear energy in 2011 was around 12%

according to the International Energy Agency (IEA) [3] (see Figure 1.1). Nuclear

energy production takes place in only 30 countries. In those countries production

ranges from around 2% of their consumption, as in China, up to 78%, as in France. The

fossil fuel share of electricity generation has been in a steady state since 1973, around

70% of the total. Yet, one can see that nowadays coal and peat produce around 40%

of electricity, while natural gas around 22% and oil just 5%. With an actual scenario

that predicts an increase of the global electricity production by a factor of two in 2050,

it is likely that fossil fuels being used today will run short by this date and, with a

constant purpose of reducing the CO2 emissions, the electricity generation will need

to be focused shortly on renewables and nuclear sources. Besides, natural uranium

is becoming more difficult to extract and its enrichment is a highly-priced technique,

thus reprocessing of nuclear waste and its use for the next generation (Generation

IV) of nuclear power plants has become an interesting option for managing long-lived

waste and reducing the use of fossil fuels in the near future.

In the case of the installed capacity of nuclear energy, it is expected to be three

times higher in 2050, with an increased share from emerging countries such as China

or India. In addition, the nuclear share of global electricity production is predicted to

raise from 14% up to 23% according to the NEA and the IEA [4,5] (see Figure 1.2).

After the Fukushima accident in 2011 several countries decided to back away from

producing their energy with nuclear power plants and move to other sources of energy,

mainly coal, wind and solar. Nevertheless, other countries did not just decide to

keep on getting energy from nuclear, but they also approved an extended program

to build nuclear power plants. One example is the United Kingdom, that has 16

operational reactors, 4 planned and 7 proposed. In addition, emerging economies are

the ones building the highest number of power plants in the world, including nuclear

ones. China has 21 operational reactors, 28 under construction, 58 planned and 118

proposed and India, 21 operable, 6 under construction, 18 planned and 39 proposed [6].

Worldwide there are 435 civil power nuclear reactors operational today, and 72 under

construction [7]. This means that the present situation all over the world concerning

3
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Figure 1.1: World electricity production in 1973 and 2011 [3].

Figure 1.2: Growth in nuclear power capacity and its share of global electricity production [4, 5].
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nuclear energy is quite disperse and not all the countries are taking the same path

for their energy production. The new designs of nuclear power plants will provide a

safer and cheaper technology. On top, by avoiding the use of 235U, the nuclear waste

will be reduced, such as long-lived actinides and fission products, with the consequent

reduction of storage1.

1.2 Evolution of nuclear power plants

Nuclear power plants are classified in several groups according to their technology and

corresponding to the time they were designed and/or constructed. These groups are

the so-called generations,

Generation I: developed in the 1950-60s. Early prototypes and experimental

reactors. The only ones that are still running today are in the United Kingdom.

Generation II: developed and built in the 1970-1990s. Most of the opera-

tional reactors today: Light Water Reactors (LWR), Pressurized Water Reactor

(PWR), Boiling Water Reactor (BWR), . . . . Their design life is around 40 years.

Even though, their life cycles are being extended now to 60 years and it is likely

that they will be extended further to 80 years.

Generation II+: Evolution of the designs of Gen-II, mainly enhancing safety

and extending their designed life up to 60 years. Built after the year 2000.

Generation III: Evolution of Gen-II. Developed during the last decades (1990-

2000). The major developments are the improved fuel technology, increased

thermal efficiency, passive safety systems and designs for reducing maintenance

and costs. Advanced LWRs. The first ones are already in operation in Japan

and others are under construction or planned.

Generation III+: Evolution of Gen-III. After 2000. Evolutionary designs in

terms of improved economics and safety features.

Generation IV: Totally new designs. To be operational not earlier than 2020.

(An extended explanation is followed.)

Many improvements have been achieved since the early days concerning the design

and operation of nuclear power plants. Probably, with the knowledge acquired and

the technologies of nowadays most of the major accidents which happened (Three

Mile Island, Chernobyl, Fukushima) could have been avoided. The development of

1Further reading on nuclear waste management and storage can be found in Ref. [8].
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the Generation-IV of nuclear reactors will enhance sustainability, economics, safety,

reliability and proliferation-resistance.

The Generation IV International Forum (GIF) [9] was initiated in 2000 by 9 coun-

tries2 to review around 100 concepts of reactors. In 2002, 6 reactor technologies were

selected. The election was made in terms of meeting increased energy demands on a

sustainable basis by means of clean, safe and cost-effective models. In addition, non-

proliferation and security against terrorist attacks were considered. Three of the six

reactors were Fast Neutron Reactors (FNR), one epithermal and two thermal. Most

of them are meant to use a closed fuel cycle to minimize waste and optimize available

resources. The explanation will be extended for the FNR since these are the most

relevant for this project.

1.2.1 Fast neutron reactors

FNR use in a more efficient way uranium and have the major advantage that they

can be employed to burn minor actinides. Thus, reducing the long-lived nuclear waste

produced by previous generations of reactors.

A FNR is a reactor where the chain reaction is sustained by fast neutrons emitted

during the fission process without any moderator. This is the main reason why, by

using the same fuel as thermal reactors, a fast reactor will be less efficient. Not

moderating the neutrons implies to use a much higher enriched uranium fuel (>20%)

or using plutonium as fuel. The plutonium fuel can be obtained from light water

reactors, because their spent fuel is a mixture of 238,239,240,242Pu. The content of
240,242Pu increases rapidly by capture of thermal neutrons. This excess of plutonium

needs to be discarded after the first cycle, having two possibilities: either store it as a

long-lived nuclear waste or use it as a fuel for fast reactors.

When 239Pu fissions, it generates on average 25% more neutrons than 235U. This

means that it is not only possible to maintain the chain reaction but, in addition,

to convert 238U into 239Pu continuously. Usually a liquid metal, such as sodium, is

used as coolant to avoid any neutron moderation and provide an efficient heat transfer

medium.

The designs being considered for FNR are listed in Table 1.1. Despite, just three of

the configurations were initially considered FNR two of the other models were found

to be able to work either thermal or fast.

2Argentina, Brazil, Canada, France, Japan, Republic of Korea, South Africa, the United Kingdom
and the United States. Afterwards 4 other countries joined the charter: Switzerland (2002), Euratom
(2003), the People’s Republic of China (2006) and the Russian Federation (2006).
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Table 1.1: Main types and characteristics of Fast Neutron Reactors (Data from Ref. [10, 11].)

Type of reactor Neutron
spectrum

Coolant Temperature
(◦C)

Pressure Fuel
type

Fuel cycle

Gas-cooled
(GFR)

fast helium 850 high 238U closed, on
site

Lead-cooled
(LFR)

fast lead or
Pb-Bi

480-800 low 238U closed,
regional

Molten-salt
(MSR)

fast, thermal fluoride
salts

700-800 low UF in
salt

closed

Sodium-cooled
(SFR)

fast sodium 550 low 238U
MOX

closed

Supercritical
water-cooled
(SCWR)

thermal, fast water 510-625 very
high

UO2 closed or
open

Major developments in Europe and worldwide

Even though there were six initial designs to be studied in terms of sustainability,

safety and reliability, economic competitiveness, proliferation resistance and physical

protection; major efforts were employed mainly in Sodium-cooled Fast Reactors (SFR)

and the Very-High-Temperature Reactor (VHTR) design. Several FNRs have been

operating either for experimental purposes, as prototypes or even as commercial units

since the early 1950’s. Some others are currently under development. The main

successes have been:

Phénix & Superphénix (France): the first commercial fast breeder reactors.

Phénix was operated from 1973 till 2009; Superphénix from 1985 till 1998.

Astrid (France): Sodium-cooled reactor. It is conceived as a 600 MWe prototype

for a commercial 1500 MWe, that would burn the plutonium in used MOX

fuel. Its high fuel burn up will include minor actinides. The final decision of

construction will be made in 2019.

Allegro (France and Euratom): Gas-cooled fast reactor. A 50-100 MWt version

can be expected by 2025. Two of the main objectives of the design will be

to have a fuel incorporating minor actinides and determine its feasibility as an

alternative of the sodium-cooled design.

MYRRHA (Belgium): 57 MWt accelerator-driven system to be build in Mol

(Belgium). It consists of a proton accelerator delivering a 600 MeV, 2.5 mA (or

350 MeV, 5 mA) proton beam to a liquid lead-bismuth (Pb-Bi) spallation target

that in turn couples to a Pb-Bi cooled, subcritical fast nuclear core. It will be
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used to study transmutation of long-lived radionuclides in nuclear waste. Its

construction should start in 2015 and its operation in 2023.

EBR series & IFR (USA): EBR-II (1960s) was a sodium-cooled breeder reactor

with on-site reprocessing of metallic fuel. Then, it shifted to testing materials and

fuels. It became the first Integral Fast Reactor (IFR) prototype using metallic

alloy U-Pu-Zr fuels and proving inherent safety, improved management of high-

level nuclear waste by recycling all actinides and using the full energy potential of

uranium. The program was closed in 1994, but is now again under consideration

by the Advanced Fuel Cycle Initiative.

BN-600, BN-350 (Russia and Kazakhstan): fast breeder reactor. Those two

reactors were connected to the grid already for more than 20 years and used

uranium oxide fuel enriched from 17 up to 26%. An updated model, BN-800

is almost constructed and has the possibility of fuel flexibility: U + Pu nitride,

MOX, or metal. The version BN-1200 is under development.

JSFR (Japan): The Japan Sodium-cooled Fast Reactor (JSFR) will be a unit from

500 to 1500 MWe that will burn actinides with uranium and plutonium in oxide

fuel.

FBTR, PFBR (India): A Fast Breeder Test Reactor (FBTR) has been operative

since 1985 with a power of 40 MWt. A Prototype Fast Breeder Reactor (PFBR)

is expected to be operative at the end of 2014. It will produce 500 MWe with a

uranium-plutonium oxide fuel and with a thorium blanket to breed 233U.

CEFR (China): The Chinese Experimental Fast Reactor (CEFR) is a fast neutron

reactor of 65 MWt. It was connected to the grid in 2011 achieving 20 MWe.

1.2.2 Nuclear data needs for the Gen-IV nuclear power plants

In the previous section a short summary of major developments of innovative nuclear

power plants was given. The knowledge already acquired with these prototypes to-

gether with the improved modeling tools that are nowadays available have been a

breakthrough to determine the major nuclear data needs for FNRs.

The international nuclear data community, involving partners from theoretical

modeling, evaluators and experimentalists, defined in 2008 the most urgent nuclear

data needs for the Gen-IV fast reactors and other designs. The members of the so-

called Subgroup 26 of the Working Party on Evaluation Co-operation (WPEC) of the

OECD/NEA made, in addition, a comprehensive sensitivity and uncertainty study

to evaluate the impact of neutron cross section uncertainties on the most significant

integral parameters related to the core and fuel cycle of a wide range of innovative
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Table 1.2: Summary of highest priority of nuclear data and their target accuracies for fast reac-
tors [1].

Energy Range
(MeV)

Current
Accuracy (%)

Target Accuracy
(%)

238U
σinel 0.498 - 6.07 10 - 20 2 - 3

σcapt 2.04 - 24.8 3 - 9 1.5 - 2
239Pu σcapt 0.002 - 498 7 - 15 4 - 7

241Pu σfiss 454 eV - 1.35 8 - 20
2 - 3

(SFR,GFR,LFR)

5 - 8
(ABTR,EFR)

240Pu
σfiss 0.498 - 1.35 6 1.5 - 2

ν 0.498 - 1.35 4 1 - 3
242Pu σfiss 0.498 - 2.23 19 - 21 3 - 5
238Pu σfiss 0.183 - 1.35 17 3 - 5
242mAm σfiss 0.067 - 1.35 17 3 - 4
241Am σfiss 2.23 - 6.07 12 3
244Cm σfiss 0.498 - 1.35 50 5
245Cm σfiss 0.067 - 0.183 47 7
56Fe σinel 0.498 - 2.23 16 - 25 3 - 6
23Na σinel 0.498 - 1.35 28 4 - 10
206Pb σinel 1.35 - 2.23 14 3
207Pb σinel 0.498 - 1.35 11 3

28Si
σinel 1.35 - 6.07 14 - 50 3 - 6

σcapt 6.07 - 19.6 53 6

systems. The discrepancy in different evaluations is aimed to be solved by having a

common criteria to assess and improve the quality and completeness of such files [1].

The high priority nuclear data needs for fast reactors are presented in Table 1.2.

As it can be observed, not only several actinides that will have a major impact

in the chain reaction taking place in the fuel were evaluated, but several structural,

moderator and coolant materials (Fe, Na, Pb and Si) involved in FNRs were considered

as well.

1.2.3 The importance of 240,242Pu and other actinides

The chain reaction of a nuclear reactor is ensured when a neutron produced by the

fission process is able to interact with another nucleus leading to fission. Neutrons

produced by fission have an energy of several MeV, thus in thermal reactors they need

to be moderated using, for instance, water or graphite. These neutrons, then, can
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Figure 1.3: Example of processes that can lead to the production of 240,242Pu and other minor
actinides in the fuel of a nuclear power plant core.

interact with atoms of 235U to maintain the chain reaction and the energy production.

Instead, in a fast reactor, where the initial fuel is often highly enriched uranium, the

neutrons emitted have enough energy to interact and fission not just with 235U atoms,

but with the ones from 238U and other actinides. These actinides are mainly produced

inside the core due to neutron capture of 238U (see Figure 1.3). Since the chain reaction

is favored using fast neutrons, there is no need of a moderator such as water. The fast

neutron environment minimizes neutron capture reactions and maximizes fission in

actinides. As a consequence, there will be less long-lived nuclides in high-level waste.

1.3 The ANDES collaboration

The ANDES collaboration started in 2009 involving 20 partners from Europe in the

field of nuclear physics and nuclear energy applications [2].

Nuclear fission is not just considered as a key source of energy for electricity pro-

duction, but a system that will help to reduce the dependence on fossil sources of

energy. Not only Europe is producing nowadays about 30% of its energy by means

of nuclear power plants, but emerging countries, where several of the world largest

economies are englobed, have constructed and planned nuclear power plants to satisfy

their energy needs. However, and specially after the Fukushima accident in 2011, there

is an urgent need to improve the sustainability and security for such plants. In terms

of sustainability three key points need to be considered: the optimization of the use

of natural resources (such as Uranium), the minimization of final high level waste and

the economical competitiveness. To meet those requirements the new Gen-IV designs

need to be optimized.

A high-level modeling of those power plants will be followed by a more reliable and

cost-effective design and safety assessment. These can only be achieved if high-quality

and -accurate nuclear data can be used in those models. With such simulations, the

costs of development and operation of the plants can be reduced, reaching higher

efficiencies with increased safety standards.
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These new designs of nuclear power plants involve the use of new fuels (which

might have a large content of Pu and minor actinides), new coolants and structural

material, new spectra, closed fuel cycles with multiple recycling, and so on. Not only

these aspects are an arising source of challenges, but the simulation tools available

require an upgrade to provide better precision to improve the preliminary designs of

the new reactors.

Considering all the above mentioned, the ANDES project aimed to construct a

program to address the most critical points of the knowledge of nuclear data for its

application to the development of the new nuclear systems and their fuel cycles to

enhance the nuclear energy sustainability. The project was divided into several Work

Packages (WPs):

WP1: Measurements for advanced reactor systems

WP2: Uncertainties and covariances of nuclear data

WP3: Integral experiments for validation of nuclear data and constraints on

uncertainties

WP4: High energy model validation in the 150-600 MeV energy domain

WP5: Management, dissemination, education and training

The present work was part of WP1.

1.3.1 Related projects within the ANDES collaboration

Four of the 20 partners were involved in task 1.3 of WP1: High accuracy measurements

for fission. Those partners were: the Centre National de la Recherche Scientifique

(CNRS, France), the Istituto Nazionale di Fisica Nucleare (INFN, Italy), the Instituto

Tecnologico e Nuclear (ITN, Portugal) and the Joint Research Centre - Institute for

Reference Materials and Measurements (JRC-IRMM, Belgium).

Task 1.3 involved the measurement of the neutron-induced fission cross section of
238Pu, 240Pu, 242Pu, 241Am, 243Am and 245Cm, as well as fission yields for n+Pu, Np

and Cm. The three projects related with the 240,242Pu(n,f) will be explained hereafter.

240,242Pu(n,f) measurement at the Van de Graaff facility at JRC-IRMM

This experiment will be the one discussed in this thesis. The measurement was made

by means of a TFGIC with a back-to-back configuration. The reference isotopes used

were 237Np, 238U and 235U. The quasi-monoenergetic neutrons were produced with

the Van de Graaff (VdG) accelerator at the JRC-IRMM and the energy range covered

was from 0.3 MeV up to 3 MeV.
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The main challenge of the experiment was the fact that two of the reference isotopes

used are not primary standards but secondary. This means that their uncertainties

are higher than for a primary standard. For instance, the uncertainty associated with

the 238U neutron-induced fission cross section is around 0.7% for the neutron energy

range used. Even more, 237Np(n,f) is not considered as a standard and its uncertainty

ranges from 3 to 4% in the present energy region.

240,242Pu(n,f) measurement at the n TOF facility at CERN

A MicroMegas detector was used to measure simultaneously 240,242Pu(n,f) relative to

the primary standard 235U(n,f). Neutrons were produced at the n TOF time-of-flight

facility at CERN covering an energy range from sub-threshold up to 2 MeV.

The main challenge of this experiment was the unexpected signal degradation of

the fission fragments from the 240Pu(n,f) reaction due to its strong α-radiation.

240,242Pu(n,f) measurement at the AIFIRA facility at CNRS

The technique used by the CNRS group consisted in placing the two Pu samples in a

sandwich between two solar cells. The fission fragment detection efficiency is around

70%, due to the close geometry between the samples and the cells. At the same plane

a polyethylene foil was placed, producing recoil protons when a neutron interaction

happened. These protons were detected by a silicon telescope. The first measurements

were performed at the Van de Graaff facility at Bruyères-le-Châtel (CEA, France). The

data analysis is in progress.

The main challenges of this experiment were the fast degradation of the solar cells

due to the high α-activity of the 240,242Pu, specially the one of 240Pu, and the energy

range limitation of the proton recoil telescope.

These three experiments will be explained in more detail in Chapter 2, together

with previous experiments available in the literature.



Chapter 2

State-of-the-Art

2.1 Current experiments within the ANDES

collaboration

As mentioned in Chapter 1, two other measurements of the neutron-induced fission

cross section of 240,242Pu were carried out using different techniques and to different

standards.

2.1.1 240,242Pu(n,f) measurement at the n TOF facility

(INFN, ITN)

The first measurement was performed at the n TOF facility (CERN) by the INFN.

The setup used was the Micromegas (Micro-MEsh GAseous Structure) detector [12].

A Micromegas detector consists of two electrodes separated by a distance of a few mm

and, in between them, at a distance of tens of µm from the anode, a micromesh

with holes on its surface is placed (see Figure 2.1). The cathode holds the sample.

Two regions are discernible: the charge collection region (cathode-micromesh) and

an amplification region (micromesh-anode). The amplification region enhances the

signal-to-noise ratio. The detector assembly had a total of 10 Micromegas detectors:

4 of them held samples of 240Pu, 4 of 242Pu, 1 of 235U and a dummy; a picture of it

can be seen in Figure 2.2. The 240,242Pu samples were produced at JRC-IRMM and

had a total mass (activity) of 3.1 mg (30 MBq) and 3.6 mg (1.2 MBq), respectively.

The detector was placed in the n TOF experimental area. It is around 185 m away

from the lead target where neutrons are produced by a 20 GeV/c proton beam. The

neutron energy range goes from thermal to >10 GeV. The experiment lasted several

months. The challenging α-activity of the 240Pu samples resulted in a mechanical

damage of the corresponding micromeshes. The consequence, as explained in Ref. [13],

is the deterioration of the electrical field and of the detector gain. Therefore, up to

now, just the data obtained with the 242Pu samples could be used and analyzed.

Preliminary results were presented for this actinide in Ref. [13] and are shown in

Figure 2.3.

13
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Figure 2.1: Schematic view of part of the Micromegas assembly [14].

Figure 2.2: The Micromegas assembly [15].

Figure 3.4: The first 242Pu resonance at 2.7 eV (top left panel) and resolved resonances between 750
and 800 eV (top right) and around 1800 eV (bottom left). Data above the fission threshold (bottom
right). Above 2 MeV, data are treated with the method described in section 3.2.2. The use of this
CPU-intensive method means only a subset of the available statistics has been processed, hence the
larger uncertainties pictured here.

18

Figure 2.3: Preliminary results of the n TOF experiment for 242Pu [13].
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4.2 Experimental setup  
The neutron-induced fission cross section measurements campaign for 240Pu and 242Pu have been 
performed at the 4MV Van-de-Graaff accelerator of the BRC-CEA-DIF (Bruyères-le-Châtel), in 
december 2012, in the neutron energy range from 1.1 to 2.0 MeV. The neutrons were produced via 
the T(p,n)3He reaction using a solid TiT target of 952 µg/cm² impinged by a proton beam of 1.9, 2.3 
and 2.8 MeV with an average intensity of 4.5 µA. The experimental set-up used during the 
measurements campaign is illustrated here after in Fig. 1. 
 
 
 
 
  
 

 

 

 

 

 

 

                                                     

 

 
             Figure 1 Exploded view of the experimental setup showing at foreground the fission fragment detector.  
                           The neutron beam passes through the Pu samples and the Polypropylene film.  

 

The two samples of 240Pu and 242Pu were placed back to back in a vacuum chamber at 54.7 mm from 
the neutron source and at 0° with respect to the incident neutron beam. Each layer (diameter 28 mm) 
was prepared at the IRMM by electroplating techniques onto a 0.25 mm thick Aluminum backing; 
the samples thicknesses are about 260 µg/cm2 with an alpha radioactivity of 0.23 MBq for 242Pu and 
13.2 MBq for 240Pu. The fission detector which consists of two sets of photovoltaic (solar) cells [32]  
were placed in front of each Pu isotope layer in a very compact geometry at a distance of 5.3 mm to 
obtain a geometrical efficiency of around 72%. A complete separation between alpha particles and 
fission fragments [32,33] is one of the strengths of the detector. However, the detector is able to 
achieve this performance, provided that the alpha radioactivity remains low. The photovoltaic cells 
have also no sensitivity to the neutron beam and their intrinsic efficiency is of 95±1 %.  
 
The neutron flux measurements were performed with a proton-recoil detection system. It consist of a 

polypropylene (PP) foil of different thicknesses ((C3H6)n) and a silicon E or ∆E-E Telescope 
depending on the neutron energy range, see Fig. 1. The PP foil (diameter of 15 mm) is placed at 89.7 
mm from the neutron source and at 0° with respect to the incident neutron beam. Recoiling protons 
emitted at forward angles by the neutron-proton elastic scattering reaction occurring in the PP foil, 
are detected with a silicon detector E placed at 78.8 mm from the PP foil, having a thicknesses of 

300 µm. A PP foil of 4 µm was chosen to cover the 1.1 to 2 MeV neutron energy range. The 
maximum energy loss for the recoiling protons was kept below 10% [34]. The main concern of this 

Figure 2.4: Experimental setup of the measurement performed at Bruyères-le-Châtel relative to the
1H(n,p) reaction [13].

2.1.2 240,242Pu(n,f) measurement at the AIFIRA facility (CNRS)

This experiment uses the same principle as in Ref. [16], where they measured the
243Am neutron-induced fission cross section successfully. There, it was proven that

photovoltaic cells could be employed in nuclear physics as fission detectors in on beam

experiments, since they do not suffer damage under a neutron beam. The setup

proposed was the one in Figure 2.4. The solar cells are used in a sandwich with

the two samples, 240,242Pu. The compact geometry gives a geometrical efficiency of

around 72% and the photovoltaic cells have an intrinsic efficiency of 95(1)% [13]. Just

after the sandwich a polypropylene (PP) film is placed. This film contains mainly

hydrogen and the 1H(n,p) reaction is used as a reference. The protons are detected

by a proton recoil telescope or a silicon detector. To avoid the overestimation of

proton counts due to neutron interaction in other materials surrounding the setup,

background measurements were performed by placing a tantalum screen between the

PP film and the telescope.

One week of measurement was performed in december 2012 at the 4 MV Van

de Graaff accelerator of the BRC-CEA-DIF (Bruyères-le-Châtel). Three energies were

measured in the range from 1.1 to 2.0 MeV. The 240,242Pu samples used were produced

at JRC-IRMM. Data are currently under analysis. Nevertheless, it was clear already

during the first days of the experiment that the cells corresponding to the 240Pu sample

were suffering from the high α-activity of the sample (13.2 MBq). The data taken with
240Pu will not be analyzed since there is no visible separation between α-particles and

fission fragments in the pulse height spectra.
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2.2 The MetroFission experiment

MetroFission [17] is a project of the European Metrology Research Program (EMRP)

with the aim of providing new quality data related to the new generation of nuclear

power plants. These data are in the area of materials, temperature, neutron fluence,

nuclear data and radiometric methods. WP4 is devoted to improve cross sections

through neutron metrology. Within this WP the absolute measurement of the neutron-

induced fission cross section of 240,242Pu has been performed using a TFGIC with the

two samples in a back-to-back geometry at two different national laboratories: the

National Physics Laboratory (NPL, United Kingdom) and Physikalisch-Technische

Bundesanstalt (PTB, Germany). Data have not been published yet.

2.3 Previous experiments

In this section an overview of the most relevant measurements that have been done

since the early 1960s for both isotopes is presented. The experiments where the original

publication could not be traced back have been discarded from the text, as well as

those where data points were scarce, the ones where data points were not in the

region of interest and the ones that were not included in the Experimental Nuclear

Reaction Data Library (EXFOR) [18]. Figures 2.5 and 2.6 present for 240Pu(n,f) and
242Pu(n,f), respectively, the experimental data together with the current evaluations

from USA (ENDF/B-VII.1 [19]), Europe (JEFF 3.1 [20]) and Japan (JENDL 4.0 [21]).

An extended explanation of the figures is given later.

2.3.1 240Pu(n,f)

Ruddick, 1964

The experiment was performed at a 3-MV VdG accelerator [22]. Neutrons were pro-

duced using the 7Li(p,n)7Be reaction, from 60 keV to 500 keV. The measurement was

done relative to 235U and the samples were placed in a gas scintillation counter. Both

samples were produced by painting from a nitrate solution. The uncertainty listed is

around 20%.

White, 1967

The accelerator used was the same as in the previous experiment, but neutrons were

produced using the reactions T(p,n), D(d,n) and T(d,n). Four energies were measured:

1.0, 2.25, 5.4 and 14.1 MeV. The measurement was done relative to 235U(n,f) and its

stated accuracy is around 2% [23].
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Meadows, 1981

The measurement was performed at the Argonne National Laboratory (ANL) Fast

Neutron Generator (FNG) using the 7Li(p,n)7Be and D(d,n)3He reactions to cover a

neutron energy range from threshold to 10 MeV [24]. A double ionization chamber

was used as detector with a back-to-back geometry. The reference sample used was
235U. The samples were produced by molecular plating. Statistical errors can go up

to 4.1% and systematic ones up to 4.5%.

Budtz-Jørgensen, 1981

Two accelerators were used to perform this measurement: the 7-MV VdG accelerator

and the electron linear (GELINA) accelerator, both at the Central Bureau for Nuclear

Measurements (CBNM) - today’s JRC-IRMM. An energy range from 10 keV to 10 MeV

was covered. The measurements performed at the GELINA facility covered a range

from 7 eV up to 2.0 MeV, but only the region from 10 to 300 keV was considered

of interest (this region is not covered in the present experiment). Therefore, just the

data taken at the VdG facility will be considered hereafter. A parallel plate ionization

chamber with a 240Pu and a 235U sample in a back-to-back configuration was used.

Both samples were evaporated. The statistical uncertainty listed is up to 2.5% for the

measurements at the VdG, the corresponding systematic uncertainty is of 2.3% [25].

Laptev, 2004

The experiment was performed at the neutron spectrometer GNEIS in Gatchina (Rus-

sia) [26]. The neutron energy range covered was from 1 to 200 MeV and was determined

by time-of-flight. A fast parallel plate ionization chamber with 6 sections was used.
235U was used as a reference sample. The targets were produced using the painting

technique. The shape measurement of the ratio 240Pu(n,f) vs 235U(n,f) obtained was

normalized with the data of Ref. [27] in the range of 1-2 MeV and then, converted to

cross section using the JENDL-3.2 [28] evaluation for 235U(n,f) below 20 MeV. The

uncertainty presented is just describing statistics and corresponds to 3%.

2.3.2 242Pu(n,f)

Butler, 1960

The experiment was done in 1960 at the 3-MV VdG accelerator at the Argonne Na-

tional Laboratory (USA) [29]. It used a gas scintillation counter with a back-to-back

geometry. 242Pu(n,f) was measured relative to 235U(n,f) in the energy range from

0.1 MeV to 1.7 MeV. Both samples were prepared by means of electrodeposition.

The plotted uncertainty corresponds just to statistics and is around 3.5%. Systematic

uncertainties amount to 5.5%.
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Fomushkin, 1970

Dielectric detectors with photographic silicate glass were placed in a vacuum chamber

together with layers of 242Pu, 235U and 238U among others [30]. The experiment was

carried out using an electrostatic accelerator with a tritium target to produce neutrons.

The energy range covered was from 0.45 MeV up to 3.6 MeV. The uncertainty on the

cross section values is between 4-6%; this uncertainty does not include the uncertainty

on the standard cross section used for normalization.

Bergen, 1970

The technique used for the experiment was a time-of-flight spectrometer that was

pulsed using an underground nuclear explosion in May 1968 [31]. The measurement

was done relative to 235U(n,f) and both samples were prepared by vacuum deposition.

The FF detectors used were p-n diodes. The energy range covered is from 50 eV to

5 keV and from 0.1 MeV to 3 MeV. The overall systematic error is 4.4% below 5 keV

and 5.8% above 0.1 MeV.

Auchampaugh, 1971

The neutron source used was the same as for the experiment of Bergen (1970). The
242Pu sample was prepared by vacuum deposition. The FFs were detected as current

from fully depleted diffuse-junction Si semiconductor detectors. The normalization

was done to 6Li(n,α) below 100 keV and to 235U(n,f) above. The plotted uncertainty

corresponds just to statistics, 4% should be added due to systematic errors [32]; this

value was updated to 6.2% in EXFOR.

Meadows, 1978

At the Argonne National Laboratory Fast Neutron Generator they used the 7Li(p,n)7Be

and D(d,n)3He reactions to produce neutrons covering an energy range from 0.4 MeV

up to 10 MeV [33]. The measurement was done relative to 235U(n,f) and the elec-

trodeposited samples were placed back-to-back in a double ionization chamber. The

statistical uncertainty ranges from 0.8 to 3.2%, while the systematic one from 1.3 to

1.7%.

Weigmann, 1985

The experiment was performed at the GELINA accelerator at the CBNM [34]. The

beam was pulsed and covered an energy range from 2 eV to 10 MeV. The measure-

ment was done with an ionization chamber. The samples used were a 242Pu made

by solution-spraying and an 235U sample made by electrodeposition. The presented

data show just statistical uncertainties. Systematic uncertainties are calculated to be

around 3% above 100 keV.
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2.3.3 Common experiments, 240,242Pu(n,f)

Staples, 1998

The experiment was done at the Weapons Neutron Research white neutron source at

the Los Alamos National Laboratory. A multi-plate gas ionization detector measured

simultaneously the fission rate for each of the isotopic targets (several Pu isotopes and

an 235U sample for normalization). The 240,242Pu were produced by electrodeposition.

The neutron energies were determined by time-of-flight and the range covered was

from 0.5 MeV to 400 MeV. The uncertainty is described to be lower than 4% for

energies below 50 MeV [27].

Tovesson, 2009

The measurements were done at the Los Alamos Neutron Science Center (LAN-

SCE) [35]. The time-of-flight technique was used to determine the incident neutron

energy. The detector used was a parallel-plate ionization chamber holding six samples

(239Pu, 240Pu, 241Pu, 242Pu, 235U and 238U). The samples used were the same as the

ones in the experiment of Staples (1998), with the exception of the 241Pu. The later

was produced by evaporation. The neutron-induced fission cross section was measured

relative to 235U(n,f). Nevertheless, the 235U sample had a slightly different spot size

than the Pu samples, and its thickness was only known to about 10%. The measured
239Pu(n,f) cross section at 3 MeV was used to normalize the measured shape and

reduce the final uncertainty. The total uncertainty is described to be 3%.

2.3.4 Data comparison and discussion

All the data described in this Chapter have no value if they cannot be compared and

plotted together. The aim of this data comparison is to provide a wide overview of

the most relevant experiments listed above and compare them with the most recent

evaluations. In addition, it is critical to bring a summary of all the uncertainties related

to the measurements with the aspiration of providing an outlook of the challenge of

meeting the target accuracies requested by the High Priority Request List (HPRL)

(see Table 1.2). For a given data set it is even more important to have an extended

description of all the uncertainty sources that had an influence on the measurement.

Without such information the results provided become meaningless since they lack of

a stated accuracy. For cross section measurements several experimental parameters

can bring an important contribution to the uncertainty. For instance, fission deposits

can have very different homogeneity depending on the production method employed.

These inhomogeneities need to be accounted in the overall stated accuracy. The α-

activity of the samples, the detection efficiency and the neutron flux normalization

can also play a role in the systematic source of uncertainties.
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240Pu(n,f)

Figure 2.5 shows all the data described previously together with current evaluations

(ENDF/B-VII.1, JEFF 3.1 and JENDL 4.0). For clearness, not all data points are

shown. As it is seen, all the evaluations agree in the placement of the first chance

fission threshold, nevertheless the JEFF 3.1 evaluation is up to 5% higher than the

others in the plateau region. The data from Tovesson (2009) [35] were measured later

than any of the evaluation was performed, even though it confirms the most recent

evaluation (JEFF 3.1); meanwhile, the other evaluations (ENDF/B-VII.1 and JENDL

4.0) agree better with the other subsets of the data.

The disagreement between evaluations is due to the different methods used to ob-

tain them. For instance, the ENDF/B-VII.1 evaluation has strongly relied on the mea-

surement from Staples (1998) [27]. The JEFF 3.1 evaluation seems to have performed

a trial and error procedure using two different codes; this could be the reason why this

evaluation was not following any particular set of data when it was presented. Finally,

the JENDL 4.0 evaluation was obtained after doing a simultaneous fitting of any sub-

set of experimental data later than 1960 of 233,235,238U(n,f) and 239,240,241Pu(n,f); and

after, that result was increased slightly in the region of 500 keV to 10 MeV.

An overview of the experiments listed above and their uncertainty together with

the target accuracy requested by the HPRL is given in Table 2.1. Reaching an accuracy

of 1.5-2% for the fission cross section of 240Pu has its major challenge on the strong

α-activity of the sample; as will be explained in Chapter 3. Very thin samples need

to be employed, which translates in longer measuring times. Thus, reaching better

statistics is not easy due to the restricted beam times available nowadays. Besides,

systematic uncertainties are often driven by the reference sample used to normalize

the measurement. From the presented data, not even the most recent measurement

performed by Tovesson in 2009 could achieve such low uncertainties.

242Pu(n,f)

Figure 2.6 shows all the data described previously together with current evaluations

(ENDF/B-VII.1, JEFF 3.1 and JENDL 4.0). For clearness, not all data points are

shown. The ENDF/B-VII.1 and the JENDL 4.0 evaluations are identical. The agree-

ment of these two evaluations with the JEFF 3.1 is perfect in the first fission chance,

but is slightly different in the plateau region, where the JEFF 3.1 shows more struc-

ture and has a stronger resonance-like peak around 1 MeV. Unmistakable, this evalu-

ation follows the experiment from Weigmann in 1984 [34], yet the data from Tovesson

(2009) [35] agree better with JENDL 4.0/ENDF/B-VII.1. The spread of the data,

though, is substantially higher than for 240Pu(n,f).
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In the case of 242Pu(n,f) the JEFF 3.1 evaluation was obtained by the best fit

(using fission barrier parameters, etc.) to the experimental data. Nevertheless, the

data used as reference was the one from Weigmann (1984) [34]. As mentioned, the

ENDF/B-VII.1 is taken from the JENDL 4.0. The later was coded using most of the

data sets presented here.

The α background of 242Pu is less severe than the one of 240Pu, still the uncertain-

ties listed of the measurements are often higher than the ones obtained with 240Pu

(see Table 2.2). The large spread on all the subsets of data could be the reason of the

3 to 5% accuracy requested by the HPRL.

Table 2.1: Summary of the uncertainties corresponding to the neutron-induced fission cross section
of 240Pu of the literature values presented in Figure 2.5 and the target accuracy requested by the
HPRL. The statistical and systematic uncertainties are given where known together with the total
uncertainty. (The hyphen indicates a situation where the uncertainty budget of the experiment is not
well described; thus, the total uncertainty is taken.)

Experiment σSTAT σSYST σTOTAL

Ruddick (1964) [22] - - 20%

White (1967) [23] - - 3.5%

Meadows (1981) [24] <4.1% <4.5% 6.1%

Budtz-Jørgensen (1981) [25] 2.9% 2.3% 3.7%

Staples (1998) [27] <2% 1.3% <4%a

Laptev (2004) [26] 2-4% 2.8% 3.4-5%

Tovesson (2009) [35] - 3%b 3%

HPRL (2008) [1] 1.5-2%

a Uncertainty of the reference cross section not included.
b This uncertainty is due to the overall normalization and it is not

included in the total uncertainty. The combined total uncertainty
should be 4.2%.

Table 2.2: Summary of the uncertainties corresponding to the neutron-induced fission cross section
of 242Pu of the literature values presented in Figure 2.6 and the target accuracy requested by the
HPRL. The statistical and systematic uncertainties are given where known together with the total
uncertainty. (The hyphen indicates a situation where the uncertainty budget of the experiment is not
well described; thus, the total uncertainty is taken.)

Experiment σSTAT σSYST σTOTAL

Butler (1960) [29] 3.5% 5.5% 6.5%

Fomushkin (1970) [30] - - 4-6%a

Bergen (1970) [31] - 5.8% 6-7%

Auchampaugh (1971) [32] ≈5% 6.2% 8%

Meadows (1978) [33] 0.8-3.2% 1.3-1.7% <3.6%

Weigmann (1985) [34] <1% 3% 3.2%

Staples (1998) [27] ≈1% 1.3% <4%a

Tovesson (2009) [35] - 3%b 3%

HPRL (2008) [1] 3-5%

a Uncertainty on the reference cross section not included.
b This uncertainty is due to the overall normalization and it is not

included in the total uncertainty. The combined total uncertainty
should be 4.2%.
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Figure 2.5: Summary of the most relevant experiments performed on the neutron-induced fission
cross section of 240Pu compared with current evaluations. The evaluations chosen are: ENDF/B-
VII.1 [19], JEFF 3.1 [20] and JENDL 4.0 [21]. The experimental data shown are: Ruddick (1964) [22],
White (1967) [23], Meadows (1981) [24], Budtz-Jørgensen (1981) [25], Staples (1998) [27], Laptev
(2004) [26] and Tovesson (2009) [35]. Selected data points are shown for legibility of the plot. Data
found as a ratio of 235U were normalized to the ENDF/B-VII.1 evaluation of this isotope. Further
explanation is given in the text.
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Figure 2.6: Summary of the most relevant experiments performed on the neutron-induced fission
cross section of 242Pu compared with current evaluations. The evaluations chosen are: ENDF/B-
VII.1 [19], JEFF 3.1 [20] and JENDL 4.0 [21]. The JENDL 4.0 evaluation follows perfectly the
ENDF/B-VII.1. The experimental data shown are: Butler (1960) [29], Fomushkin (1970) [30], Bergen
(1970) [31], Auchampaugh (1971) [32], Meadows (1978) [33], Weigmann (1984) [34], Staples (1998) [27]
and Tovesson (2009) [35]. Selected data points are shown for legibility of the plot. Data found as a
ratio of 235U were normalized to the ENDF/B-VII.1 evaluation of this isotope. Further explanation
is given in the text.





Chapter 3

Experimental laboratories and techniques

3.1 The Van de Graaff accelerator

All the measurements in this work were done at the VdG accelerator laboratory located

at the Institute for Reference Materials and Measurements in Geel (Belgium). The

accelerator was built in 1978 as a vertical device with a maximum voltage of 7 MV.

A scheme of the accelerator is plotted in Figure 3.1. The functioning of the accel-

erator is explained hereafter. Inside the pressure tank positive charges are transported

using the belt to charge the terminal to a given voltage. The particles to be accelerated

(protons, deuterons or α-particles) are extracted at the high voltage terminal using a

gas bottle of the respective gas via an ion source as negative ions. The extracted ion

beam is accelerated by the potential difference between the high voltage (HV) termi-

nal and the ground (GND). The beam is steered and focused using beam optics and

quadrupole magnets. A bending/analyzing magnet is used to deflect the beam 90◦ and

select just the charged particles that have the desired energy and mass. Thereafter

a beam line is chosen and the ion beam is focused using additional beam optics and

magnets. At the end of the beam line a neutron producing target is placed. Depending

on the neutron energy of interest, different reactions must be used (see Table 3.1).

At the VdG facility of the JRC-IRMM the target hall is subdivided into two levels:

one at 4.6 m above ground (5 beam lines) and the other at 0 m (1 beam line). The

advantage of using the beam line at 0 m level is that the floor is able to support heavy

shielding structures. The experiments presented here have been performed using both

levels. To direct the beam to the target hall at 0 m a second analyzing magnet is

available at this level.

Table 3.1: Nuclear reactions and their energy regions available at the VdG of the JRC-IRMM.

Nuclear reactions Neutron energy regions (*mono-energetic region)
7Li(p,n)7Be En: 0 - 5.3 MeV (*0.1 - 0.7 MeV)

T(p,n)3He En: 0 - 6.2 MeV (*0.3 - 3.5/4.5 MeV)

D(d,n)3He En: 2.4 - 10.1 MeV (*2.4 - 7.7 MeV)

T(d,n)4He En: 12.1 - 24.1 MeV (*14.0 - 20.5 MeV)

25
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Figure 3.1: Scheme of the Van de Graaff facility at JRC-IRMM.

3.1.1 Neutron production

One of the main advantages of using a VdG accelerator to study cross sections in the

fast neutron energy region is the possibility to get very high neutron fluxes at single

energies. In the present work protons have been used as charged particles. Even

though the proton energy is determined to very high precision, the neutron producing

targets have a non-zero thickness that will cause the incoming protons to travel through

the target thickness losing some energy. Thus, since the cross section of the proton

induced reactions used is not flat in all the energy region and no neutron energy

determination is used in these experiments, special care of the neutron spectrum is

taken. In Figure 3.2 the neutron flux per cm2 and second is presented for the two

reactions used: 7Li(p,n)7Be (a) and T(p,n)3He (b). The presented data corresponds

to a LiF target thickness of 647 µg/cm2 in the case of 7Li(p,n)7Be and a TiT target

thickness of 1902 µg/cm2 for T(p,n)3He, always considering an average beam intensity

of 5 µA and the fission deposit to be at a distance of 6 cm from the neutron producing

target.
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Figure 3.2: Neutron flux spectrum when using (a) the 7Li(p,n)7Be reaction (LiF target thickness of
647 µg/cm2) and (b) the T(p,n)3He reaction (TiT target thickness of 1902 µg/cm2). The excited state
of the 7Li(p,n)7Be reaction, 7Li(p,n)7Be* starts at a neutron energy of around 0.4 MeV, producing
an almost negligible secondary contribution. The data have been taken from the EnergySet code
developed at JRC-IRMM [36].

The 7Li(p,n)7Be reaction has an excited state (7Li(p,n)7Be*) with a threshold of

about 0.4 MeV, which produces a constant secondary energy background of 0.4 MeV

less than the primary state.

In addition, the neutron emission is not fully isotropic. Figure 3.3 presents the

differential cross section in the laboratory system (dσ/dω) as a function of the proton

energy and the neutron emission angle for the three reactions of interest [37,38]. This

effect can produce corrections of up to 3% when actinide samples of different sizes are

used or when the samples show inhomogeneities in their thickness.

Li metallic targets

Usually, the lithium neutron producing targets are a compound of lithium fluoride

(LiF). Due to the compound, these LiF targets need to have larger thicknesses in

order to reach a given neutron flux. In addition, if these LiF targets are irradiated

with a proton beam, the interaction with the fluorine will produce high energetic γ-

rays. This effect can have a non-negligible contribution to the background when doing

γ-ray spectrometry. For this reason, a new set of Li metallic samples were produced at

JRC-IRMM. The challenge is that metallic Li is known to diffuse into some material

and reacts in air. Because of that, several sandwich samples of metallic Li with Au or

LiF were manufactured [39].

The stability in terms of neutron production was tested in one of the experiments.

Figure 3.4(a) shows the normalized neutron fluence as a function of irradiation time

using three different proton energies. The neutrons produced were calculated from

the fissions detected in an ionization chamber which contains two samples: 237Np and
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Figure 3.3: Differential cross section in the laboratory system as a function of the proton energy
and the neutron emission angle for (a) 7Li(p,n)7Be, (b) 7Li(p,n)7Be* and (c) T(p,n)3He. Data are
taken from [37,38].
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242Pu. The proton energy was changed at 22.7 h from 2.6 to 2.7 MeV and at 44.24 h

from 2.7 to 3.3 MeV. A fit to the data shows that the neutron production decreased

by (9±5)% after 2.5 days of irradiation.

In addition, a comparison of the normalized neutron fluence when using a Li metal-

lic sample and LiF samples was performed (see Figure 3.4(b)), showing that with Li

metallic samples it is possible to get the same neutron flux under the same accelerator

configuration as with the LiF sample, but with one third of the total Li mass, reducing

significantly the neutron energy spread.

The results of this study were published in Paper II.

3.2 Ionization Chamber

An ionization chamber (IC) is a detector where two electrodes are confined in a cylin-

drical enclosure. The space is filled with a counting gas, such as P10 (90% Ar +

10% CH4), CH4, CF4, . . . . A sample is placed on one of the electrodes and these are

connected to a HV supply to generate an electric field. When the sample has intrinsic

activity or emits induced radiation, the emitted particles (i.e. fission fragments or

α-particles) will ionize the counting gas along their path generating an ion-electron

cloud. Due to the difference in ion mobility, the positive ions can be considered at

rest, while the electrons will travel along the field lines towards the positive potential.

Nevertheless, the positive ions will induce a charge on the negative potential.

The amount of ion pairs generated will be a property of the counting gas, the

type of radiation and its energy. For gases such as Ar or CH4 a typical value for the

energy to create an ion-pair is around 27 eV. If there are no additional loses due to

recombination or diffusion, one can assume that the number of ion-pairs generated is

proportional to the incident particle energy. This is not completely correct since often

the ionizing particles, such as α’s or FFs, are not capable to ionize all the gas particles

on their track, specially towards the end of the track. These non-ionizing processes

contribute to the so-called Pulse Height Deffect (PHD). The PHD is a property of the

gas used, of the particle and its energy.

3.2.1 Twin Frisch-Grid Ionization Chamber

The determination of the energy and the angle of emission can be important when

fission fragment characterization is needed, for this purposes the parallel plate IC

needs to be modified by placing a grid between the cathode and the anode plates.

This modification of an IC was first introduced by Frisch in 1944 [40] and was named

after him. In this work a TFGIC was employed. It consists of two anodes, two grids

and a common cathode. The grid will act to shield the anode by dividing the volume
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Figure 3.5: (a) Drawing of a TFGIC. (b) Ideal signals detected by a TFGIC at 0◦(dotted line) and
90◦(full line) emission angle.

into two, thus having two separated electric field regions (see Figure 3.5). Ideally, all

the ion pairs will be generated in the cathode-grid electric field region. The electron

cloud will travel along the field lines towards the grid inducing a negative pulse, once

the cloud has passed the grid electrode all electrons will move towards the anode

electrode that has a positive potential. At the same time, a positive charge will be

induced on the grid electrode. Since all the electrons, once have passed the grid, will

travel the same distance with the same potential difference, the charge induced on the

anode electrode will be independent on where those electrons were generated, thus the

emission angle of the FF.

The two main properties of a grid are its transparency to the drifting electrons and

its opacity to charge induction. The transparency of a grid with parallel wires was

described by Bunemann [41] in terms of a field, being this the positive gradient of the

electric potential. The transparency (λ) is described by the difference of field lines per

unit area in the grid-anode volume leaving the grid (LG−A) and the field lines per unit

area of the cathode-grid volume reaching the grid (LC−G). An ideal grid, thus, will

have the same number of lines reaching it from the cathode than leaving it towards

the anode:

1− λ = 1− LG−A
LC−G

(3.1)

This will only be possible if the strength of the electric field in the grid-anode volume

is higher than the one in the cathode-grid volume. As expressed by Bunemann to

reach λ→ 1 the following condition needs to be fulfilled:

VA − VG
VG − VC

· DC−G
DG−A

≥
1 + ρ ·

[
1 + d

4π·DG−A
(ρ2 − 4 ln ρ)

]

1− ρ ·
[
1 + d

4π·DC−G
(ρ2 − 4 ln ρ)

] (3.2)
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where Vi is the voltage applied to the electrode i (cathode, anode or grid), Di−j
the distance between the electrodes i − j, d is the distance between grid wires and

ρ = 2πr/d, with r being the grid wire radius.

The anode electrode will collect a charge proportional to the number of electrons

generated,

QA = −n0e (3.3)

where n0 is the sum of all electron contributions from the ion pairs. The induced charge

on the cathode will have, in addition, a contribution corresponding to the place where

the charges were originating,

QC = −n0e

(
1− X̄

D
cos θ

)
(3.4)

where X̄ is the centre-of-gravity of the electron-cloud distribution and D is the cathode-

grid distance. Finally, the signal induced on the grid will be:

QG = n0e
X̄

D
cos θ (3.5)

The charge collected by the anode electrode needs to be corrected to account for

the incomplete transparency of the grid, the so-called grid inefficiency (σ, GI),

Q∗
A = −n0e

(
1− σ X̄

D
cos θ

)
(3.6)

A recent investigation proved that the charge induced on the anode needs to be cor-

rected for the GI by using the extended additive approach [42,43],

Pcorr
A =

P∗
A − σ · PC

(1− σ)
(3.7)

where the pulse heights P∗
A = Q∗

A and PC = −QC. The GI for a TFGIC with a

parallel-wired grid is given by:

σ(r, d,DA−G) =

(
1 +

DA−G
d/2π((ρ2/4)− ln ρ)

)−1

(3.8)

With the geometry of the TFGIC used in this work σ ≈ 0.03; considering DA−G =

6 mm, r = 0.05 mm and d = 1 mm.
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3.2.2 Gases used, potential applied and pressure

A TFGIC can work under a wide range of parameters in terms of gas, potential applied

and pressure. These three parameters are correlated and for a given experiment a

choice has to be made. A starting point, in the particular case of this work, was the

fact that the TFGIC available was not designed to work under vacuum conditions

or over pressure. Therefore, a pressure close to the atmospheric one was preferred.

Concerning the HV to be applied to each electrode there are three restrictions and

one condition that needs to be fulfilled. The restrictions are:

1. The HV applied must be lower than the preamplifier voltage limit (in the present

case ±3 kV).

2. The HV applied must be lower than the maximum of the HV supply box (in the

present case ±5 kV).

3. The electric field applied between the electrodes needs to be such to prevent

discharges within the gas volume. Thus, it is needed to keep the HV below the

breakdown voltage1.

And the condition is:

1. The HVs of each electrode needs to fulfill the condition implied by equation 3.2;

thus, for the parameters choice in this case, the field strength between the grid-

anode space must be at least twice as large as the one of the grid-cathode space.

In that way, the field lines reaching and leaving the grid are almost the same

and the electron loses on the grid are minimized.

The choice of the use of one or the other counting gas needs to be made with the

main consideration of its drift velocity. In this experiment the consequence of having

a gas with a large PHD is almost irrelevant, since the main purpose is to perform cross

section measurements and not FF characterization. Two gases were used during this

work: P10 (90% Ar and 10% CH4) and CH4. The experiment started using P10 as

counting gas. The motivation at one point to change from one to the other counting

gas will be explained in detail in Chapter 5. The parameters applied when employing

each gas are listed in Table 3.2. Figure 3.6 shows (a) the drift velocity as a function

of the reduced field strength and (b) the breakdown voltage (VB) as a function of

the pressure and the distance between electrodes. The HV applied to each electrode

was chosen, besides the conditions explained before, taking into account that the most

stable conditions to work with would be in a stable region of the drift velocity function

and the pressure range that could be set in the chamber.

1The voltage applied to the chamber electrodes needs to be such that discharges in the detector



CHAPTER 3. EXPERIMENTAL LABORATORIES 33

Table 3.2: Potential applied, pressure used and field strength as a function of the counting gas
employed. Drift velocity and breakdown voltage are as well presented for a cathode-grid distance of
31 mm and a grid-anode distance of 6 mm.

Gas Gas flow Pressure HVC HVG HVA Reduced field
strength

Drift
velocity

VB

(ml/min) (kPa) (kV) (kV) (kV) (V/m·Pa) (105 m/s) (kV)

P10 ≈ 50 105 -1.5 0 1.0 ≈0.44 ≈0.5 >10

CH4 ≈100 105 -2.5 0 1.5 ≈0.79 ≈1.0 >10

 Pa))⋅/p (V/(m ε
0 0.2 0.4 0.6 0.8 1 1.2

 m
/s

)
5

d
ri
ft
 v

e
lo

ci
ty

 (
1
0

0.0

0.5

1.0

P10

4
CH

(a)

 m)⋅pd (Pa 

­110 1 10 210 310 410

 (
V

)
B

V
310

410
Ar

4
CH(b)

Figure 3.6: Drift velocity (a) and breakdown voltage (b) of CH4 and P10. (a) Data taken from
Ref. [44]. In (b) P10 has been considered as Argon [45]. The data from CH4 is experimental and is
taken from Ref. [46]; the dotted line is an extrapolation of the data considering the same shape as
for Argon.

3.3 Experimental setup

The experimental setup consisted of the TFGIC described in Section 3.2.1. All the

electrodes were connected to charge or current preamplifiers and these were fed into

12 bit 100 MHz WFD (see Figure 3.7). The cathode signal was used, as well, for trig-

gering the system. Thus, it was split just before the WFD: one signal was connected

to the WFD and the other was treated with a Timing Filter Amplifier (TFA) and

a Constant Fraction Discriminator (CFD). The WFD was plugged into a computer

were all the raw signals were recorded. Usually, a trace was recorded for 10 µs: 5 µs

pre- and 5 µs post-trigger.

Cross section measurements can be performed in two different ways using TFGICs:

absolute and relative. Absolute measurements are performed by placing a sample on

the cathode of the TFGIC and a neutron counter aligned with the chamber. The

counts in the TFGIC will be normalized by the neutron flux determined by the neutron

are avoided. Discharges happen in a gas when the breakdown potential is reached. This potential
can be determined by the Paschen’s law and it is a function of the gas used, the pressure applied and
the distance between electrodes.
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Figure 3.7: Experimental setup for a cross section measurement.

counter. The disadvantage of using this method is that the neutron counter cannot be

placed at the same position as the fission detector; as a result, geometric corrections

must be applied to properly determine the flux. In addition, it is needed to quantify

the amount of neutrons scattered in the target hall that are being detected by the

counter but do not have the proper energy. Relative measurements are performed

using a back-to-back configuration. Two non-transparent samples are placed on the

cathode of the TFGIC, each of them facing one side of the chamber. One of the

samples will be the one under study and the other a reference sample. The latter

should have a well-known cross section to reduce uncertainties in the normalization of

the unknown cross section.

All the measurements within this work were done with a back-to-back configura-

tion. Three different reference samples have been used: 237Np, 238U and 235U.

A picture of the TFGIC aligned with the beam line and the neutron producing

target can be seen in Figure 3.8.

Experiment with 235U samples

The measurement of the two samples of interest, 240,242Pu, relative to 235U(n,f) needed

to be taken with special care. 235U being a fissile isotope has orders of magnitude

higher fission cross section in the thermalized neutron energy region than at the fast

neutron region. The scattering of the fast neutrons on the target hall walls and the

rest of the material in the target hall can thermalize these neutrons and, thereafter,

reach the TFGIC producing an increased amounts of counts in the reference sample

side. To avoid this effect a shielding was build around the TFGIC.

The shielding consisted in a first layer of B4C and a second layer of paraffin. The

paraffin is a well-known neutron moderator. Therefore, if a neutron passes the wall, it
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conditions as during vacuum deposition. After deposition

of the protective layer, the targets were exposed to the
ambient air. Some of them were stored under vacuum in a

desiccator. In order to evaluate the contribution of a pro-

tective cover, the chemical stability of a rolled piece of
metallic Li directly exposed to atmospheric air was also

monitored.

The mechanical stability during irradiation was tested
with a proton beam in the IRMM Van de Graaff accelerator

by monitoring the neutron fluence produced in the Li(p,n)
reaction. Measurements were done at three different proton

energies of 0.9, 1.0 and 1.6 MeV respectively. The proton

current was about 10 lA on target, which corresponds to a
heat load of about 26, 27 and 33 W. The neutron produc-

tion target was cooled by means of a 1 mm thick water

layer which was circulated through a cooling reservoir. A
drop in the neutron fluence would indicate a degradation of

the Li target. The irradiation tests were performed with

target no. 2 during 2.5 days exposed to the proton beam
(see Table 1). For that the target was glued at the end of an

Al cylinder and mounted onto the end of the beamline as

shown in Fig. 4 (arrow). A vacuum of 10-3 Pa was gen-
erated from the beginning of the acceleration tube up to the

target. The stability of the target was monitored by regis-

tering the neutron-induced fission rate using a twin ioni-
zation chamber loaded with a 237Np and a 242Pu target

mounted back-to-back on the cathode. The stability of the

Li target under irradiation can be measured by normalising
the fission rate to the incident proton current.

Results and discussion

The first targets with LiF as protective layer (no. 1, 2, 3)
had a grey colour directly after opening the vacuum

chamber. Pictures taken at different time intervals after the

first day, after 1 and after 2 weeks showed no difference in

colour, indicating stability of the layer. This apparent sta-

bility was however not confirmed by weighing the target at
several time intervals, starting the day after the deposition:

a mass increase of 11.4 % after 2 weeks, 12.9 % after

3 weeks and 13.4 % after 6 weeks was observed. After
8 weeks, the deposited layer stabilised with a total mass

increase of 13.5 %. This indicated that despite the LiF

cover, some reactions with atmospheric air constituents
still had taken place. Due to the instability of the layers, the

areal density of the Li layers could not be determined
accurately. If this was required, other characterization

methods should be applied [6].

In the second evaporation cycle, the Li layers were
‘sandwiched’ between two layers of about 30 lg cm-2 of

LiF on substrates of Al, Au and Ta. A new alumina cru-

cible was used and the evaporation started at a current of
120 A with an average rate of 0.5 nm s-1 and a pressure of

about 5 9 10-3 Pa. All targets were black. Two of them

were directly placed into a desiccator under vacuum. The
target with the Au substrate was placed on the microbal-

ance for mass monitoring. During dismounting and trans-

ferring of the target, a change in colour took place.
Weighing was done every 10 min in 19 h. During the

monitoring, an increase of 20 % in mass was observed

during the first hour. Afterwards, the mass continued to
increase for about 12 h (target no. 7 in Fig. 5). The targets

in the desiccator kept their colour for about 2 days. At the

end, all targets on Al became snow-white, on Au white-
yellowish and the Ta light grey-bluish.

The last evaporation cycle of Li was done on substrates of

Al, Ta and Au and with a protective layer of Au. Two targets
were covered with a first layer of Au (no. 9 and 11), two others

with first a layer of LiF (no. 10 and 12). The Au substrate was

left as such. The Li evaporation was stopped after 3 h at a
thickness of 1.1 lm as indicated by the quartz crystal monitor.

Fig. 4 Target no. 2 mounted on the accelerator beam-line; the arrow
indicates the position of the target. Just behind the ionization
chamber, used to monitor the target stability, is placed (see text for
details)

Fig. 5 Absolute mass increase of metallic Li targets covered with
LiF (no. 7) and Au (no. 10, 11, 13) exposed to air. The detailed
composition of the targets is summarized in Table 1

J Radioanal Nucl Chem (2014) 299:1113–1120 1117
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Figure 3.8: Picture of the beam line with the neutron producing target at the end and the TFGIC
centered with it. The arrow indicated the position of the neutron producing target. Courtesy of D.
Vanleeuw.

will be moderated once by the paraffin block and, if it scatters and enters again, it will

be moderated a second time. Then, the B4C will most likely capture this thermalized

neutron since the neutron capture cross section for 10B is around 105 barns at these

energies.

The drawback of using a shielding close to the TFGIC is that neutrons might get

back scattered towards the detector with lower energies than the initial one, but still

in the MeV region. For this reason, Monte Carlo simulations of the neutron spectrum

were performed with MCNP [47]. These simulations and the corresponding corrections

will be explained in Chapter 6. In Figure 3.9 the experimental setup with the shielding

is presented.

Influence of the setup in the neutron spectrum

Finally, the neutron spectrum can be degraded after the neutron producing target by

the water cooling setup used to lower the heat in the neutron producing target, the

target can and by the stainless steel chamber structure. When neutron-induced fission

cross section ratios of two isotopes with a similar fission threshold and shape are being

measured, this influence is almost negligible. But, in the other case, when a fissile

isotope is used or the two isotopes in the chamber have a difference of hundred keVs

in the position of the fission threshold, this correction can be crucial. For this reason,

MCNP simulations were performed in order to correct the data by the distortion of
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Figure 3.9: Picture of the beam line with the neutron producing target at the end, the TFGIC and
the shielding structure around it.

the neutron spectra due to the experimental setup between the neutron producing

target and the samples under study. The corrections will be explained in Chapter 6

together with the simulations of the shielding structure.

3.4 Sample description

Several samples were used for this work, all of them made in the Target Prepara-

tion laboratory of the JRC-IRMM. The plutonium samples were made specifically for

this project, therefore the optimum mass could be chosen in order to minimize the

background activity (α-particles). The reference samples were available already at the

facility. A detailed description of all samples is presented in Tables 3.3, 3.4 and 3.5. A

picture of the 242Pu sample and the TFGIC opened with two samples placed on the

cathode can be seen in Figure 3.10.

The Pu samples used in this experiment were produced by the so-called molecular

plating technique. The Pu layers have a diameter of 29.95 mm (0.1%) and are deposited

on an Al backing with a thickness of 0.25 mm and a diameter of 50 mm. Due to the

short α half-life of the 240Pu of 6561 yr (0.1%), the sample has been made in order

to minimize its α-activity. Thus, the 240Pu sample has a mass of 92.9 µg (0.4%) and

an α-activity of 0.8 MBq (0.4%). The 242Pu has an α half-life longer than 105 yr,

for this reason more material could be deposited on top of the disk, being its mass
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Figure 3.10: Left: picture of the 242Pu sample. Right: picture of the TFGIC open with two samples
on the cathode holder.

Table 3.3: Main characteristics of the 240,242Pu samples [48]. The mass, areal density and α-activity
are given for the main isotope of the sample. All the uncertainties are expanded with a coverage factor
k = 1. The expanded uncertainty of the sample purity has a coverage factor k = 2.

240Pu 242Pu

Method molecular plating/electrodeposition

Chemical composition (assumed) Pu(OH)4 Pu(OH)4

Total mass (µg) (calculated) 119.22 (0.4%) 859.54 (0.9%)

Diameter (mm) 29.95 (0.1%) 29.95 (0.1%)

Total areal density (µg/cm2) (calcu-
lated)

16.9 (0.4%) 122 (0.8%)

Backing aluminum aluminum

Mass (µg) 92.9 (0.4%) 671 (0.9%)

Areal density (µg/cm2) 13.19 (0.4%) 95.3 (0.8%)

α-activity (MBq) 0.780 (0.4%) 0.0984 (0.3%)

% 238Pu 0.0733 (29 ) 0.002719(51 )

% 239Pu 0.0144 (18 ) 0.00435 (18 )

% 240Pu 99.8915 (18 ) 0.01924 (23 )

% 241Pu 0.00041 (31 ) 0.00814 (31 )

% 242Pu 0.02027 (41 ) 99.96518 (45 )

% 244Pu 0.000046(88 ) 0.00036 (13 )

of 671 µg (0.9%) and its α-activity of 0.1 MBq (0.3%). Although the accuracy on

the determination of the α-activity is smaller, the main contribution on the mass

uncertainty of 242Pu is due to its uncertainty of the α half-life, 3.75 × 105 yr (0.5%).

The activity of both samples was determined by defined solid angle α-particle counting.

Their mass was calculated from the activity. The purity of the samples is higher than

99.8% and their atomic abundances were measured by mass spectrometry. To quantify

the amount of fission fragments that will be fully stopped in the sample it is important

to know the total sample mass. Assuming that the Pu deposits are hydroxide in the

form of Pu(OH)4, the measured Pu areal density was used to calculate the total areal

density of the deposit. This increases the absolute sample thickness by about 28%.
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Table 3.4: Main characteristics of the reference samples 237Np and 238U used [49, 50]. The mass,
areal density and α-activity are given for the main isotope of the sample.

237Np 238U

Method vacuum deposition

Chemical composition NpF4 UF4

Total mass (µg) (calculated) 516.7 761.5

Diameter (mm) 12.7 30

Total areal density (µg/cm2)
408 107.7

(calculated)

Backing aluminum transparent

Mass (µg) 390.3 (0.3%) 577.2 (0.4%)

Areal density (µg/cm2) 308.1 (0.3%) 81.7 (0.4%)

α-activity (Bq) 10168 (0.1%) 7.19 (0.4%)

Isotopic content
99.76% 237Np 99.998% 238U

0.24% 238Pu <0.02% 234U

The reference samples used were prepared by the vacuum deposition technique.

Unfortunately by the time of performing the very first experiment the 237Np sample

of the same diameter as the Pu samples broke. Thus, a 237Np sample with a much

smaller spot size had to be chosen. As it can be seen in Table 3.4, the 237Np sample

is thicker than the rest, therefore the correction for FFs loss in the sample will be

higher as well. The 237Np sample mass was remeasured by low-geometry α-counting

at the Radionuclides laboratory of the JRC-IRMM [49], providing a mass uncertainty

smaller than 1%. The 238U sample mass was remeasured using a single Frisch-Gridded

Ionization Chamber, this method is explained later on. The other samples employed

in this work are listed in Table 3.5.

3.4.1 Measurement of the 238U sample mass

The original certificate of the 238U sample used in these experiments had an uncer-

tainty in its mass of 5%. In view of the higher target accuracies requested by the NEA

on the neutron-induced fission cross section of interest in this project, the mass of the

sample was re-measured with the aim of lowering its uncertainty.

A Single Frisch-Gridded Ionization Chamber was employed as a particle detector.

The sample was positioned at the cathode, facing the grid and the anode. A pressure

of 120 kPa was set and P10 was used as counting gas with a gas flow of around

80 ml/min. The HV applied was -0.7 kV to the cathode and 0.25 kV to the anode;

the grid was grounded. The data were stored in 200 MHz waveform digitizers and

analyzed offline afterwards [50]. There are two advantages of using this technique to

determine the mass compared to a low geometry α counting. First, the solid angle

covered here is nearly 2π, thus high statistics are reached in a short measuring time.

Second, there is no dependence on the position of the sample on the cathode plate

with respect to the anode. The technique was already proved satisfactory in Ref. [52].
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Table 3.5: Main characteristics of the reference samples of 235U used [50, 51]. Three different
samples of this isotope were used, they have been labelled in the first row. The mass, areal density
and α-activity are given for the main isotope of the sample.

235U (#6) 235U (#2) 235U (#1)

Method vacuum deposition

Chemical composi-
tion

UF4 UF4 UF4

Total mass (µg) (cal-
culated)

884.9 894.3 776

Diameter (mm) 30 30 28

Total areal density
(µg/cm2)

125.2 126.5 126

(calculated)

Backing transparent transparent stainless steel

Mass (µg) 653 (1.5%) 660 (1.5%) 584 (2%)

Areal density
(µg/cm2)

92.4 (1.5%) 93.4 (1.5%) 94.8 (2%)

α-activity (Bq) (234U
& 235U)

2657 (0.4%) 2657 (0.4%) 265.7 (2.1%)

Isotopic content

97.663(3 )% 235U 97.663(3 )% 235U 99.475(4 )% 235U

1.6582(17 )% 234U 1.6582(17 )% 234U 0.1698 % 234U

0.1497 (5 )% 236U 0.1497 (5 )% 236U 0.0273 % 236U

0.5296 (6 )% 238U 0.5296 (6 )% 238U 0.3277 % 238U

Figure 3.11(a) depicts a two dimensional anode versus grid distribution. Clearly

the main peak is visible corresponding to the α-line of 238U of around 4.2 MeV. In

addition a tailing of α-particles can be seen at low grid values; these correspond to α-

particles that have lost most of their energy inside the sample or have been emitted in

opposite direction and afterwards backscattered into the detection volume. By doing

the projection of the anode signal towards the grid axis, the cosine distribution can

be obtained (see Figure 3.11(b)). If now one extrapolates the level of the distribution

from 0.5 ≥ cos θ ≤ 0.9 towards cos θ = 0, the true number of α-particles emitted in 2π

is obtained. After correcting by the dead time of the acquisition software and using

the α half-life of 238U the sample mass obtained is 577.2 µg (0.4%). The uncertainty

considered is statistical and systematic. The latter is mainly affected by the fitting of

the cosine distribution and the determination of the half height of the cosine distribu-

tion at cos θ = 1. The value obtained here is in agreement with the one obtained by

low geometry α-counting [51]; 577 µg (2.7%).

3.4.2 Measurement of the 235U (#1) sample mass

Using the same method as for the determination of the 238U sample mass, the mass of

the 235U (#1) sample was measured. The main challenges were due to the complexity

of the α-decay of 235U, the shorter half-life of 234U compared to 235U (T1/2(234U) =
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Figure 3.11: Determination of the 238U sample mass. (a) 2D distribution of the anode vs grid pulse
height. (b) Cosine distribution of the α-particles in 2π.

2.46·105 y; T1/2(235U) = 7.04·108 y) and the small energy difference between the main

α-lines of 234U (≈4.7 MeV) and 235U (≈4.4 MeV). By searching different literature

sources, it has been found that there is a difference of around 2% on the probability

of the overall α-decay branches for this isotope. By using the data of Ref. [53], the

amount of α-lines that were within the region of interest was 85.19%. After obtaining

the cosine distribution and correcting by the isotopic content of the sample (99.475%

of 235U) the sample mass was determined to be 583.7 µg (2%) [50].

3.4.3 Vacuum deposition vs electrodeposition

The vacuum deposition technique consists in evaporating the solution in a vacuum

chamber that has at the top a sample holder. There the backing of the sample is

placed. During all the process the backing is rotating, reaching a high homogeneity of

the sample.

Instead, molecular plating consists of an electrodeposition at a constant voltage.

In the specific case of the 240,242Pu samples a cathodic deposition of Pu onto Al

substrates from isopropanol was made [48]. A rotating platinum grid was used to mix

the electrolyte without disturbing the deposition.

Figure 3.12 shows fluorescence images of the 237Np, 240Pu and 242Pu samples. It

is clear that the sample produced by vacuum deposition (237Np) presents a higher

homogeneity than the two 240,242Pu produced by electrodeposition. To account for

the mass distribution on the 240,242Pu samples, a scanning was performed by Ref. [51].

The scan consisted of placing a mask of 6 mm diameter on top of the target at 6

different points, a central one and 5 in an outer layer, and calculate the α-activity at
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Figure 3.12: Fluorescence images of the 237Np sample, the 240Pu sample and the 242Pu sample.
The 237Np sample presents a homogeneous distribution of its mass, while the 240,242Pu have more
mass in the outer layer [55].

each point. Then, the count rate at each point was normalized to the central one. An

extended description of this technique can be found in Ref. [54]. The results pointed

out that the outer layer of the 240Pu had on average 11.4% more mass than the inner

one, and for the 242Pu the difference was 7.4%. This mass difference needs to be taken

into account in the cross section analysis.





Chapter 4

Data acquisition and digital signal

processing

4.1 Data acquisition

The data acquisition system (DAQ) consisted of three Spectrum M2i WFD cards [56]

connected via PCI slots to the computer. Each of them had two channels and a trigger

input. In total six signals were recorded: two anodes, two grids, a cathode and the

trigger signal. The trigger was generated by the cathode signal, using an external

discriminator, and then connected to all boards, as explained in Chapter 3.

The acquisition system was developed at JRC-IRMM by Refs. [57] and [58]. The

DAQ code was created to work with a variety of digitizer cards from several brands

and was fully integrated with the ROOT framework [59]. After the program started,

it first read the information from the cards, initialize them and finally configure all

parameters. Several acquisition preferences could be chosen, such as size of the files,

length of the traces, trigger position and delay . . .

The recorded data were stored in the computer memory in a binary data format

including additional information, allowing a later reconstruction of the traces. After

recording the events, the data were stored on a hard disk. During this time the system

was not capable to register any event, causing a dead time of around 2 s for a 20 MB

file size. The stored data files were then read out by another program for offline data

analysis (display), also developed at JRC-IRMM by Refs. [57] and [58]. The offline

data analysis program was written in c++ [60], using the ROOT framework [59] and

compiled with a specially designed digital signal processing (DSP) library. In the

display program each signal was represented as a histogram in ROOT and analyzed

event by event. The flexibility of the code allowed the user to implement their own

functions, optimizing the analysis of the raw data. A scheme of the procedure explained

is displayed in Figure 4.1.
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Figure 4.1: Scheme of the process followed to record and analyze the data (following Figure 3.7).
The charge collection by the electrodes was sampled with the waveform digitizer. The DAQ program
was initializing the digital boards, acquiring and storing the data. An offline analysis program based
on a DSP was employed to perform an offline analysis of the stored events; obtaining all relevant
information related to the traces.

4.1.1 Treatment of the signals

The data recorded directly from the detector had to be treated prior to the analysis.

The method applied to the raw signals is listed henceforth. For all the steps two signals

will be presented: an anode and a grid. The event corresponds to a 242Pu trace at

2.0 MeV and using P10 as counting gas.

Figure 4.2 shows the charge collected by the anode (a) and by the grid (b) after

their corresponding charge preamplifiers. Each signal was sampled with 100 MHz. The

length of the signals was of 1024 channels and the trigger was positioned at channel

512, thus having 512 channels pre-trigger and 512 channels post-trigger. Each channel

corresponded to 0.01 µs.

There are several corrections to the signal that have to be applied before extracting

the pulse height (PH) information. Some of these corrections can be already seen from

the raw signals presented in Figure 4.2. For instance, the α pile-up present in the base

line of both traces is visible or the ballistic deficit can be seen as a reduction in signal

height in the last part of the anode signal.

Baseline correction

The baseline correction is applied to the raw signals just to shift the entire trace that it

starts at 0 mV. Figure 4.3 displays the two signals baseline corrected; the anode signal

(a) has been also inverted. In the case of high count rates, including the background,

special attention needs to be payed to correct for the baseline not at the beginning of

the full track, but just before the FF event. The value for the correction is calculated

as an average value of around 100 samples before the FF event.

The baseline shift is mainly due to the incomplete discharge of the preampli-

fiers [61].
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Figure 4.2: Charge collected by the anode (a) and grid (b) sampled with 100 MHz for an event of
the 242Pu using P10 as counting gas.
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Figure 4.3: Baseline corrected anode (a) and grid (b) signals for the same event as presented in
Figure 4.2.

Ballistic deficit and α background correction

Two effects had a strong influence on the collection of charges in this experiment.

The first one was the ballistic deficit. This effect can be easily understood by the

fact that the discharge of the preamplifier starts just after the first charges reached

the electrode. Despite having a large shaping time constant, the charge collection

rise time is around 1 µs when using P10 as counting gas, thus the discharge of the

preamplifier starts well before all the charges generated by the FF have been collected.

The slope of the FFs signals is corrected by differentiating the pulse with the decay

time constant (the output signal is shown in Figure 4.4).

After the differentiation the position of the center of the signal slope can be de-

termined. Next, the signal is being integrated. Starting at the center of the slope an

iterative code is run upwards and downwards checking the change of slope. In the

event of an α pile-up at the very beginning or ending of the FF slope, the code is
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Figure 4.4: Differentiation of the anode (a) and grid (b) signals using the decay time of the pream-
plifier.
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Figure 4.5: Anode (a) and grid (b) raw signals (black) and corrected signals (red) after baseline,
ballistic deficit and α pile-up for an event of the 242Pu sample using P10 as counting gas and having
an α-particle signal (blue arrow) at the beginning of the FF slope for the anode signal but nearly
invisible in the grid signal.

able to detect the different slope produced by the α-particle and discard its amplitude

(Figure 4.5). The particular problem seen as well in Figure 4.5 where an α-signal is

visible in the anode signal but not in the grid signal will be discussed in Chapter 5. In

addition, the start and end channel of the slope is determined and is used to remove

the α pile-up event occurring in the baselines pre- and post-trigger (see Figure 4.6).

CR-(RC)4 filter and Pulse Height determination

In the last step of the signal processing a shaping filter is applied. A CR-(RC)4 filter

was chosen. The CR differentiation attenuates the low frequencies of the signal, while

the (RC)4 integrator smoothes the high frequencies [61]. The result after applying

this filter is a Gaussian-like function. The amplitude of the pulse after the filter is

equivalent to the charge collected, being the PH of the signal at its maximum amplitude

(Figure 4.7).
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Figure 4.6: Anode (a) and grid (b) raw signals (black) and corrected signals (red) after baseline,
ballistic deficit and α pile-up for an event with α pile-up happening well before the fission event.
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Figure 4.7: Amplitude signal of the anode (a) and grid (b) after CR-(RC)4 filtering.

4.2 Corrections to the Pulse Height

After extracting the PH information from the stored signals they are saved in the form

of ROOT tree’s. Then, data are read and treated entirely using ROOT.

4.2.1 Grid inefficiency correction

The first correction after the PH is generated is related to the grid inefficiency. In

Chapter 3 it was explained that the shielding provided by the grid to the anode is not

perfect. Therefore, a correction factor to the anode and grid PH needs to be applied.

In the case of this experiment and taking into account the anode-grid distance, the

grid wire radius and the distance between wires; the grid inefficiency factor (σ) was

calculated using Equation (3.8) to 0.0304.
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Figure 4.8: (a) Grid PH versus anode PH; data of 242Pu with P10 as counting gas and at 2.0 MeV.
Two regions can be identified: FFs and α-particle regions. (b) Projection of the anode PH.

4.2.2 Alpha pile-up rejection

Alpha-particles were already discarded from the baselines of the signals before obtain-

ing the PH information. Nevertheless and even in the case of having an electronic

threshold set on the constant fraction discriminator, several α-particles can pile-up

together, specially in the case of 240Pu, generating a PH of the same amplitude as a

low energetic FF. These α-particles can be identified because their range inside the

gas is different than the one of the FFs. In Figure 4.8(a) two separated regions of α-

particles can be distinguished. In the first one, with anode PH values between 0 and

10, α-particles detected at the time of an event in the other side of the chamber are

seen. In the second one, with anode PH values around 15 and 20, signals from several

α particles piling up together have the same corresponding energy as low energetic

FFs.

4.2.3 Extrapolation to zero pulse height

Due to the electronic threshold applied, FFs emitted at increasing angles that have

lost an important amount of energy in their path through the sample, but still have

reached the counting gas might not be able to trigger the system. To account for these

events an extrapolation of the anode PH distribution is made (see Figure 4.8(b)). The

value of the electronic threshold is mainly determined by the α-activity of the samples

used, thus samples with higher activity will require higher thresholds. In the case of

this experiment a linear fit to the low region of the anode PH was chosen to account

for those FF emitted but not detected due to its low energy.



Chapter 5

Improvements on the experimental

techniques and spontaneous fission half-life

determination

5.1 The challenge of measuring high α-active targets

It is not the first time that measurements with high α-active targets are performed. In

Chapter 2 the most relevant cross section measurements of 240,242Pu have been listed

and so it has been a long-standing problem how to measure highly active samples. The

main issue when using analogue electronics with such samples and with ionization

chambers as detectors is that the pile-up of several α-particle signals can produce

the same amplitude as a low energy FF. Thus by introducing a grid between the

cathode and the anode, as it has already been explained in Chapter 3, it is possible

to determine the emission angle of the particle emitted, either an α or a FF. Finally,

and considering that it is well known that an α-particle has a longer range than a FF

in the gases considered, it is possible to identify them, even if they produce by piling

up similar amplitudes as FF. An example of choosing the right region of interest to

discard the α-particles was shown in Figure 4.8(a).

To test and make the proper adjustments both in the experimental setup as well as

in the digital signal processing code and the subsequent pulse height analysis routines,

the SF emission of both isotopes, 240,242Pu, has been used. Not only has been an

experiment performed to develop and test all the system, but to compare and analyze

the influence of samples with different α-activity. All the investigations presented in

this section were performed using the SF emission of both samples.

The results presented in this Chapter are an extended summary of Paper I.

In Figure 5.1 anode versus grid PH distributions for (a) 242Pu and (b) 240Pu are

presented. It is perfectly visible how the 240Pu distribution is distorted, specially at

the edges and at the conjunction between α-particles and FFs. This effect was already

noticeable when analyzing the obtained raw traces (Figure 5.2).
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Figure 5.1: Grid PH versus anode PH for the two isotopes. (a) 242Pu (0.1 MBq); (b) 240Pu
(0.8 MBq).
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Figure 5.2: Charge collected by the anode (a) and grid (b) sampled with a 100 MHz WFD for an
event of 240Pu using P10 as counting gas.

The amount of α-particles that can pile up to distort the baseline and the FF event

slope can be determined considering that the emission of α-particles follows a Poisson

distribution such as:

Pm(z, τ) =
(z · τ)m

m!
exp (−z · τ) (5.1)

where z is the emission rate of the detected event, τ the signal length and m the

pile-up order [61].

The rise time of a typical anode signal is around 0.20 µs when P10 is employed

as counting gas. From the α-activity of the samples it is known that the 240Pu emits

0.8 α/µs and, the 242Pu, 0.1 α/µs. Considering that the α-particle emission follows

a Poisson distribution, the amount of α-particles that can pile-up on the baseline of
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the signal trace and on the FF slope from the preamplifier can be estimated. For the
240Pu, it is expected to have in most of the cases between 2 and 5 α-particles piled-up

on the baseline previous to the FF and the same amount on the baseline after the FF

event. The case of 242Pu is less severe and the prediction is to have 0 to 2 α-particles

piled-up on the baseline before the FF and the same amount after. If the analysis is

focused on the actual probability that a FF is detected together with 1 α-particle, it

is foreseen around 14% of these events in the case of 240Pu and just 2% in case of
242Pu. In the case of the grid signal, where the full FF rise time is twice as long as the

anode rise time, the probability of having an α-particle within the FF signal is 23%

for 240Pu and 4% for 242Pu, respectively.

5.2 Efficiency determination for high α-active

targets

An important correction when treating data from cross section measurements is the

efficiency determination of the detection system. As mentioned, a TFGIC has a nearly

4π efficiency when using transparent samples and 2×2π with a back-to-back config-

uration. Hence, the major impact on the efficiency is the FF loss inside the sample,

meaning those FF emitted mainly at increasing angles that are stopped before being

able to reach the counting gas.

An experimental method to determine FF losses inside the targets was already

described in Ref. [52]. The method consists of determining the amount of FF stopped

within the sample using their angular distribution. To apply this method an isotropic

distribution of FF emission is sought. There are mainly two scenarios where fully

isotropic emission of FFs is given: fission induced by thermal neutrons and spontaneous

fission. Thus, the SF distribution will be used hereafter.

The FF angular information is extracted from the 2D grid versus anode PH distri-

bution. For a value of the anode PH, there are a set of values that the grid can take.

The range of these grid values is proportional to the emission angles, from 0◦ up to

90◦ (Figure 5.3). Thus, each anode PH value is projected onto the grid PH axis. The

minimum of this projected distribution will correspond to cos θ = 0 and the maximum

to cos θ = 1. The angular distribution is calculated as follows,

cos θ =
PG

PAX̄/D
(5.2)

where Pi corresponds to the PH of the anode (A) and the grid (G), X̄ is the centre-

of-gravity of the electron cloud ionized by the FF and D is the cathode-grid distance.



52 5.2. EFFICIENCY DETERMINATION

grid PH (ch)
0 20

a
n

o
d

e
 P

H
 (

c
h

)

0

50

100 °=0θ

°=90θ

Figure 5.3: Grid PH versus anode PH for 242Pu. The emission angle range for each anode PH value
is plotted.

The cosine distribution obtained is shown in Figure 5.4(a). The degradation due

to FFs stopped inside the sample and those below the electronic threshold is visible at

low cosine values. To determine the total number of emitted FFs (Ncos), one would

do:

Ncos = A+ ∆A (5.3)

with A being the integral of the cosine distribution and ∆A the missing part related

with the thickness of the sample. To extract the sample loss it is needed to consider

the anode PH distribution (NPH) and extrapolate down to 0 (∆NPH) to account for

FFs emitted but not detected due to the high electronic threshold requested not to

trigger on α events (Figure 5.4(b)). The experimental efficiency due to sample loss

(εexpt) will be calculated as:

εexpt =
NPH + ∆NPH

Ncos
=
N2π

Ncos
(5.4)

Without any previous consideration it is expected that using the thinner sample

(240Pu) will have a higher efficiency than using the thicker one (242Pu). The results

showed, instead, that εexpt was nearly the same for both samples: 94(1)% for 240Pu

and 94− 95(1)% for 242Pu.

5.2.1 Angular dependence

In Chapter 4 it was explained that the major contribution to the baseline oscillation of

the preamplifier signal is due to an incomplete discharge of the latter before a new set

of charged particles approaches the electrode. This effect is more evident in Figure 5.2
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Figure 5.4: (a) Angular distribution for 242Pu. The FF loss inside the sample is visible at low cos θ
values. By determining the integral of the distribution and ∆A (the missing part of the distribution)
one can obtain the sample loss. (b) PH distribution for 242Pu and determination of the counts under
the electronic threshold.

where an anode and a grid signal of 240Pu are plotted. In that single event it is possible

to distinguish up to two α-particles prior to the FF event and up to two after, still if

focus is taken in just the anode trace probably the conclusion would be that only one

α-particle has piled-up before the FF and only one after.

A way to prove that not only the preamplifier was not discharging completely but

that this is the reason of the deterioration of the 2D anode versus grid PH distribution

in case of 240Pu is to tag and obtain a quantified value of the α-particles piling up before

and after the FF event. This was done at the time of the data analysis by running an

iterative code that was searching for a strong change of the slope in the baseline before

and after the FF event. Figures 5.5 and 5.6 prove the correlation of the amount of

α-particles piled up on the baseline before and after the FF event, respectively, with

the determination of the cosine distribution. Even more, this correlation is inexistent

when the pile-up occurs after the FF event (see Figure 5.6).

The zero-α method

To avoid the degrading effect of the α-particles the distribution obtained when selecting

events with no α-particle piled up can be used. Normally, this distribution is expected

to be close to the true cosine distribution from a sample with no α-activity. By doing so

a more consistent result of the efficiency is obtained: 97(1)% for 240Pu and 95−96(1)%

for 242Pu.
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Figure 5.5: Correlation between α pile-up before the FF event and the degradation of the cosine
distribution for 242Pu (a) and 240Pu (b) using P10 as counting gas. A stronger effect is seen for the
more active target (240Pu).
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Figure 5.6: Correlation between α pile-up after the FF event and the degradation of the cosine
distribution for 242Pu (a) and 240Pu (b) using P10 as counting gas. No strong effect is seen in the
distributions of either sample.

5.2.2 Improving the signal rise time: P10 vs CH4

Seeking to achieve a better experimental performance several improvements on the

setup were considered. First, the behavior of the preamplifiers was questioned, but

the rise time of the ones used is faster than 12 ns and, therefore, one order of magnitude

shorter than the FF signal rise time (around 200 ns). Second, a gas with an improved

drift velocity could be employed. Two gases were contemplated: CF4 and CH4. Both
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Figure 5.7: Grid signals obtained with 240Pu using either P10 (a) or CH4 (b). A big improvement
is seen in the signal taken with CH4, being able to discriminate between close by α-particles.

gases were already tested and compared with P10 elsewhere [62]. CF4 requires to work

in an under pressure vacuum tight ionization chamber. Since the TFGIC used in this

experiment was not vacuum tight and it needed to work at over pressure, CH4 was

chosen. Its main properties were already listed in Chapter 3 and, as mentioned, the

gas flow and the HV were increased to work in the plateau region of the drift velocity

function.

Figure 5.7 compares a grid signal obtained with 240Pu using (a) P10 or (b) CH4.

Since the drift velocity of the charges in CH4 is much faster than P10, the electrodes

are able to collect those charges in less time, thus the preamplifier can be completely

discharged before the next set of charges reaches the electrode.

The rise time of the anode signals is around 0.077 µs for CH4 (0.20 µs for P10).

The probability of an α-signal to appear within the time frame of the FF on the anode

is of ∼ 6% (14%) for 240Pu and ∼ 0.8% (2%) for 242Pu using CH4 (P10) as counting

gas. In the case of the grid (where the FF signal is twice as long) the probability is

∼ 11% (23%) for 240Pu and ∼ 1.5% (4%) for 242Pu using CH4 (P10).

Figure 5.8 depicts the 2D distribution of the grid PH versus the anode PH obtained

with 240Pu using CH4 as counting gas. Comparing the present figure with Figure 5.1,

obtained with P10, it is clear that the edges of the distribution are better defined now

and more important the region of α-particles is well distinguished with respect to the

FF one. By performing a projection of the distribution onto the anode PH axis, and

after normalizing the channels to PH energy, a distinction of 7 α pile-up lines is visible

when using CH4 as counting gas (full line). Those lines correspond to n α-particles

piling up at the same time, being n = 1, 2, 3, 4, 5, 6, 7. Effectively each of the single

peaks sits around the sum of the energy of the amount of α-particles that piled up (1

α-particle (∼5 MeV), 2 α-particles (∼10 MeV), etc.). In the same plot, a projection

of the P10 distribution (dashed-dotted line) is presented where just one α pile-up line
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Figure 5.8: Distributions for 240Pu. (a) 2D grid PH versus anode PH distribution using CH4 as
counting gas. Three α pile-up lines are visible for anode PH values between channel 20 and 50. (b)
Projection of the anode PH when just FFs are selected (dotted line) using either P10 or CH4, just
α-particles are selected and P10 is used as counting gas (dashed-dotted line) and just α-particles are
selected and CH4 is used as counting gas (full line).

is visible at around 38 MeV. The dotted line shows the FF PH distribution cleaned

of α-particles by applying a region of interest on the FFs. This distribution remains

nearly unchanged when using P10 or CH4.

By correlating again the amount of α-particles before the FF signal and the cosine

distribution (Figure 5.9), even though the statistics at higher α pile-up for 240Pu are

low, an improvement is observed with respect to Figure 5.5. The analysis gives a εexp

ranging from 98 to 100% with an uncertainty of 1% for both samples. The accuracy

that this method can provide is not better than 1% in any case. This is based on

the fact that analyzing different runs for both gas mixtures and samples give slightly

different cosine distributions. This is exemplified in Figure 5.10.

The ideal method

A different experimental method (ideal) can be applied for determining the sample

efficiency by means of the cosine distribution. The method consists of supposing an

ideal continuous uniform cosine distribution in the range cos θ = [0, 1], where the

normalized counts in each bin are equally distributed along the range. To exemplify

the method the distribution plotted in Figure 5.11 will be considered. There, two

distributions of 240Pu are shown, the first one obtained with P10 and the second one

with CH4 as a counting gas. In an ideal case the maximum value of the distribution

will correspond to the normalized total amount of counts divided by the number of bins
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Figure 5.9: Correlation between α pile-up before the FF event and the degradation of the cosine
distribution for 242Pu (a) and 240Pu (b) using CH4 as counting gas.

in the range, in that case 0.04. Nevertheless, the maximum value of the distribution

taken using P10 as a counting gas is well above 0.04 but, by using CH4 as a counting

gas, the maximum value of the distribution is slightly lower than for P10, yet higher

than the ideal 0.04. As a consequence this difference of counts can be considered

as equivalent to the lack of counts in the low cosine part (between cos θ = 0 and

cos θ = 0.4). Taking into account these observations, it is possible to determine the

sample efficiency considering that the maximum normalized amount of counts in each

bin of the distribution would be the number of bins multiplied by their width. This

is, in the present case, 0.04. In the bins that exceed this value, the difference between

the value and the maximum considered value would be taken and these extra counts

would be added to the bins with low cosine values. Thus, if this method is applied

the value of the sample efficiency would range from 98 to 99% (1%) for the 242Pu and

99.6% (1.0%) for the 240Pu with P10 and around 100(1)% for both samples using CH4.

The zero-α method can be applied together with the ideal method obtaining as a

result for the sample efficiency 99(1)% for the 242Pu and 100(1)% for the 240Pu (using

the P10 data). The zero-α method will not improve the result on the CH4 cosine

distributions because for these distributions there is no visible degradation due to α

pile-up.
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5.2.3 Theoretical calculation of FF losses in the sample

A theoretical calculation of the FF loss inside the sample can be done taking into

account the range of the FFs in the sample. This range can be extracted from the

stopping power of a certain particle or molecule inside a certain compound. The

stopping power ranges were obtained from SRIM [63]. As presented in Ref. [52], the

loss inside the sample can be calculated as:

∆sample =
t

2Rsample
=
t

2

∑

i

Wi

Ri
(5.5)

with t as the thickness of the sample, Ri the range of isotope i and Wi the weight

fraction of isotope i in the sample. By using the properties for two typical FF (in

terms of mass and energy) the values obtained were: 99.7% for 240Pu and 98.1% for
242Pu.

5.2.4 GEANT4 simulations

Finally, GEANT4 simulations [64] were done to mimic the physics that FFs undergo

when traveling through the sample. An initial FF kinetic energy distribution for the

SF process obtained with the GEF code [65] for each isotope, 240Pu and 242Pu, was

employed as an input of the code. The amount of FF transmitted into the counting

gas geometry was 99.2% for 240Pu and 97.4% for 242Pu.

5.2.5 Results

Table 5.1 summarizes the results obtained using different methods and cosine distri-

butions. By changing the counting gas inside the TFGIC, it was possible to overcome

almost completely the effect of the loss of information due to an incomplete discharge

of the preamplifiers caused by α pile-up. Besides, it is possible to improve the initial

results by being able to tag the α-particles piled-up and use a cosine distribution of

the events that had no coincidence with α-particles. The achieved experimental ac-

curacy was not better than 1% and since the efficiency value was fluctuating for P10,

the theoretical efficiency value was chosen considering the experimental uncertainty

described above.
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Table 5.1: Summary on the efficiency (ε) results by using different methods, counting gas and cosine
distributions.

Description 240Pu 242Pu

Cosine distribution Method Counting gas

All events Ref. [52] P10 94(1)% 94-95(1)%

All events Ideal P10 99.6(1)% 98-99(1)%

0-α Ref. [52] P10 97(1)% 95-96(1)%

0-α Ideal P10 100(1)% 99(1)%

All events Ref. [52] CH4 98-100(1)% 98-100(1)%

All events Ideal CH4 ∼100(1)% ∼100(1)%

Theory 99.7% 98.1%

GEANT4 99.2% 97.4%

5.3 Spontaneous fission half-life determination

The SF half-life has been calculated using:

T1/2,SF =
%jPu

Aj

1(
CSF

t·εj ·ln 2·mPu·NA
−

n∑
i

%iPu
Ai·T1/2,SF (i)

) (5.6)

where %jPu is the purity of the sample, Aj its atomic mass, CSF are the counts

detected, t is the effective measuring time, εj is the detection efficiency, mPu is the

sample mass, NA the Avogadro’s number and
n∑
i

%iPu
Ai·T1/2,SF (i) the contribution from

the other isotopes contained in the sample.

5.3.1 Results and comparison with available data

Several measurements have been performed with each sample. Figure 5.12 summarizes

in a graph the resulting T1/2,SF values. Run 1 for 240Pu and 1-5 for 242Pu were per-

formed with P10 as counting gas, while runs 2-3 for 240Pu and 6-7 for 242Pu with CH4.

Each run encloses several individual data sets obtained under the same experimental

conditions. The data sets contain between 10000 and 250000 fission events using P10

and between 50000 and 1500000 events using CH4. All labelled runs are performed

using a different electronic threshold. The error bars in the plot describe the statisti-

cal and the systematic uncertainties, the thick horizontal line is an eye guide for the

weighted average of all the runs and the dotted lines are the final uncertainties (sys-

tematic and statistical) expressed with 1σ. It is worth mentioning that the weighted

average was calculated using just the statistical uncertainties and, once the final value

was obtained the systematic uncertainties were included. The bullet symbols repre-

sent previous experimental results, and the two highlighted literature values are the
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Table 5.2: Summary of the uncertainties corresponding to the SF half-life (T1/2,SF ) for 240,242Pu.

Uncertainty source 240Pu 242Pu

Statistical 0.13% <0.1%

Mass 0.4% 0.9%

Sample efficiency 1% 1%

Sample purity <0.001% <0.001%

Dead time acquisition program <0.07% <0.012%

Total (systematic and statistical) 1.1% 1.3%

Table 5.3: Summary of the SF half-life (T1/2,SF ) for 240,242Pu. The experimental uncertainties
presented include both the statistical and systematic uncertainties. The weighted average of literature
values presented by Ref. [66] and by Ref. [68] are given, too.

T1/2,SF (yr) 240Pu 242Pu

Holden (2000) [66] 1.14 × 1011(0.9%) 6.77× 1010(1.0%)

Chechev (2009) [67,68] 1.15 × 1011(1.7%) 6.79× 1010(1.4%)

This experiment 1.165× 1011(1.1%) 6.74× 1010(1.3%)

weighted average of the subset of literature data presented by Refs. [66] and [67]. In

Table 5.2 the present uncertainty budget is listed and Table 5.3 compares the weighted

averages from previous data and the value obtained in the present experiment.

The uncertainty budget of previous literature data has been listed in two tables.

Table 5.4 describes the data of 240Pu and Table 5.5 data corresponding to 242Pu.

It is clear that the present experiment was performed with unprecedented statistics.

In addition, lower systematic uncertainties than those of previous experiments were

reached. In the case of 242Pu, only one experiment claims to have lower systematic

uncertainties (Meadows, 1977 [78]). In this experiment, the sample preparation as

well as the FF detector were similar to the present work. Nevertheless, the considered

uncertainty on the fission fragment loss inside the sample was only 0.1%; giving an

overall statistical uncertainty of just 0.5%. Hence, their total uncertainty was only

0.7%. Despite of that, the value obtained here is the same as the value of Ref. [78]

recalculated by Ref. [66], taking into account the new value of the half-life of 239Pu.

The results are in agreement with the literature values for 242Pu. Nevertheless,

and using exactly the same method, the 240Pu SF half-life value obtained is slightly

higher than some of the literature values. This could be explained by the high α-

activity of the sample. By having a more precise discrimination of α-particle signals

the count rate in this work might have been lower than in previous experiments done

with analogue electronics, thus obtaining a higher SF half-life value.
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Table 5.4: Summary of the uncertainties corresponding to the SF half-life (T1/2,SF ) of the literature

values presented in Fig. 5.12 for 240Pu. The statistical and systematic uncertainties are given where
known together with the total uncertainty. (The hyphen indicates a situation where the uncertainty
budget of the experiment is not well described; thus, the total uncertainty is taken.)

Experiment σSTAT σSYST σTOTAL

Fieldhouse (1967) [69] - 2% 2%

Budtz-Jørgensen (1980) [25] 1.5% 2.1% 2.6%

Androsenko (1984) [70] - - 2.6%

Selickij (1988) [71] - 2.5-3.3% 2.6%

Dytlewski (1989) [72] 0.8% ∼1.4% 1.6%

Ivanov (1991) [73] - - 1.7%

This experiment 0.13% 1.1% 1.1%

Table 5.5: Summary of the uncertainties corresponding to the SF half-life (T1/2,SF ) of the literature

values presented in Fig. 5.12 for 242Pu. The statistical and systematic uncertainties are given where
known together with the total uncertainty. (The hyphen indicates a situation where the uncertainty
budget of the experiment is not well described; thus, the total uncertainty is taken.)

Experiment σSTAT σSYST σTOTAL

Studier (1956) (cited by Ref. [74]) - - 10%

Butler (1956) [75] 0.8% 1.3% 2.6%

Mech (1956) [74] ∼0.6% 2.6% 2.7%

Druin (1961) [76] 5% ∼8.7% 10%

Malkin (1963) [77] - - 2.3%

Meadows (1977) [78] 0.4-0.5% ∼0.5% 0.7%

Selickij (1988) [71] ∼2.7% 2.7% 3.8%

This experiment <0.1% 1.3% 1.3%
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Figure 5.12: SF half-life results for 240Pu (a) and 242Pu (b) (stars) compared with some literature
values (bullets), their weighted average calculated by Ref. [66], and the weighted average calculated
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Chapter 6

Neutron-induced fission cross section

measurements

The main purpose of this project was to measure the neutron-induced fission cross

section of 240,242Pu. The experimental setup was build to lower the amount of cor-

rections to be performed during the offline analysis. Yet, few corrections need to be

considered for a correct understanding of the experiment. In this Chapter an extended

explanation of them will be given. In this way, proof of the accuracy of the present

analysis is given.

6.1 Cross section formulation

The number of fission events that would be obtained for any sample with N number

of atoms under a neutron flux Φ is described as

C =
∑

i

Ni · Φ · σi (6.1)

where the sub-index i accounts for the mixture of isotopes within the sample and σi

is the neutron-induced cross section of each of them.

In addition, if the neutron flux impinging on the sample is not mono-energetic and

is a mixture of two single neutron energies, the fission events are calculated as

C =
∑

i

Ni · Φ0 · σi,0 +
∑

i

Ni · Φ1 · σi,1 (6.2)

where the sub-index 0 corresponds to the neutron energy from a reaction to the nuclear

ground state and the sub-index 1 corresponds to the neutron energy resulting from a

reaction to the first excited state of the recoil nucleus.

Since the neutron flux is not measured in this experiment a reference sample is

used to normalize the counts. The reference sample is supposed to have a relatively

well-known cross section, thus the contribution on the uncertainty budget will remain

65



66 6.1. CROSS SECTION FORMULATION

low. The ratio of fission events between the two samples is

CS
CR

=

∑
iN

S
i ΦS0 σ

S
i,0 +

∑
iN

S
i ΦS1 σ

S
i,1∑

iN
R
i ΦR0 σ

R
i,0 +

∑
iN

R
i ΦR1 σ

R
i,1

(6.3)

where S refers to the sample under study and R to the reference target. As it will be

seen later on, even if the flux is not measured and its absolute value is not of interest,

its shape is of importance to correct for the different solid angles between the neutron

producing target and the samples of different sizes. If now the cross section of the

main isotope of the sample under study is isolated, the following equation is obtained,

σSmain,0 =
CS
CR

FS
FR
·
(∑

i

NR
i

NS
main

ΦR0
ΦS0

σRi,0 +
∑

i

NR
i

NS
main

ΦR1
ΦS0

σRi,1

)
−

−
∑

i

NS
i

NS
main

ΦS1
ΦS0

σSi,1 −
∑

j

NS
j

NS
main

σSj,0 (6.4)

where the sub-index i corresponds to each of the isotopes contained in either the

sample or the reference target, the sub-index j indicates the secondary isotopes also

contained in the sample; and the number of events detected are

C =
Ctotal
ε
−
∑

i

CSF,i (6.5)

where Ctotal are the total counts detected in the corresponding side of the TFGIC,

ε is the efficiency of the FF counting; and CSF,i are the counts due to the SF for

isotope i. The factor F that has been added corresponds to the MCNP flux correction

due to the thermalization of neutrons. Finally, the ratios of the fluxes due to the

reaction to the ground state and the reaction to the excited state of the recoil nucleus

in Equation (6.4) are described as,

ΦR0
ΦS0

σRk,0 =

∑
i %mR

i ΦR0 (θi)∑
i %mS

i ΦS0 (θi)

∑
i ΦR0 (Ei)σ

R
k,0(Ei)∑

i ΦR0 (Ei)
(6.6)

ΦR1
ΦS0

σRk,1 =

∑
i ΦR1 (Ei)∑
i ΦR0 (Ei)

∑
i %mR

i ΦR1 (θi)∑
i %mR

i ΦR0 (θi)

∑
i %mR

i ΦR0 (θi)∑
i %mS

i ΦS0 (θi)

∑
i ΦR1 (Ei)σ

R
k,1(Ei)∑

i ΦR1 (Ei)
(6.7)

ΦS1
ΦS0

σSk,1 =

∑
i ΦS1 (Ei)∑
i ΦS0 (Ei)

∑
i %mS

i ΦS1 (θi)∑
i %mS

i ΦS0 (θi)

∑
i ΦS1 (Ei)σ

S
k,1(Ei)∑

i ΦS1 (Ei)
(6.8)

where the first term accounts for different diameter of the samples and homogeneities,

as the flux is a function of the neutron energy as well as of the emission angle of

the neutron produced from a reaction to the ground state, indexed 0. The second

term accounts for the same parameters but when considering an interaction of the
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neutron resulting from a reaction to the first exited state of the recoil nucleus with the

reference sample as a function of the interaction of a neutron produced from a reaction

to the ground state of the recoil nucleus at the sample under study. And the third

term accounts for these geometric factors for the neutron emitted from a reaction to

the excited state of the recoil nucleus at the sample under study as a function of a

neutron emitted from a reaction to the ground state of the recoil nucleus in the same

sample. In Equations (6.6) to (6.8) the sub-index k refers to the different isotopes in

the sample and the sub-index i to the neutron energy.

6.2 Corrections to the data

It is possible to classify all the corrections needed to apply to the data obtained into

two groups: the corrections that were caused due to loss of fission events produced by

the high α-activity of the samples and the thickness of the sample; and the corrections

due to the non-perfect monoenergetic neutron beam and its degradation due to the

material of the experimental setup.

6.2.1 Lost counts due to electronic threshold

The effect of the electronic threshold applied to the experimental setup to avoid trig-

gering on the α-particle signals needs to be corrected for since FFs that have travelled

long enough inside the sample might enter the gas with a similar energy than piled-up

α-particles. The influence of the electronic threshold will be higher on the thicker

samples (i.e. 237Np) and on the samples with high α-activity (i.e. 240Pu). Table 6.1

describes the contribution of the total correction of fission events for each sample at

each ratio measured.

A comparison between the different pulse height distributions obtained for the

different samples is plotted in Figure 6.1. Figure 6.1(a) compares the three reference

isotopes used: 238U, 235U (sample #1) and 237Np. The 238U and 235U samples have

very similar thicknesses, thus their PH spectra is similar; additionally their α-activity is

not as strong as in the 240,242Pu samples, therefore the FF slope in their signals has less

Table 6.1: Correction due to the electronic threshold for each isotope at each ratio measured. The
values presented are always the upper limits.

Sample 2 −→ 235U 238U 237Np

Sample 1 ↓
238U 1.4%/1.5% - -
237Np 11%/2.2% 4%/1.4% -
240Pu 5%/2.3% 3%/9.7% 4%/13.6%
242Pu 4%/2.4% 3%/5% 3%/8.5%
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Figure 6.1: Comparison of PH spectra taken with different isotopes with an incident neutron energy
of 1.8 MeV. (a) 238U, 235U (sample #1) and 237Np samples; the degradation of the PH for the thicker
237Np sample is visible. (b) 238U, 240Pu and 242Pu samples; the 238U and 240Pu spectra were taken
together using P10 as counting gas. The rest of the spectra were taken using CH4. The PH obtained
with the 240,242Pu samples, having a stronger α-activity, is worse compared to samples with similar
thicknesses and less α-activity. In addition, the effect of measuring using a high electronic threshold
is seen in the 238U spectra.

probability to be influenced by an α pile-up. The influence of the electronic threshold

on the thicker 237Np deposit is large, as it is obvious from the picture. Besides, it

is clear that the peak-to-valley ratio is distorted due to the thickness. Otherwise, in

Figure 6.1(b) the 240,242Pu samples with stronger α-activity are compared. Even if

the 240Pu sample is nearly one order of magnitude thinner than the 242Pu deposit,

the PH spectra of both samples resembles. This could be, to some degree, because

of the distortion of the FF traces due to α piled-up signals. In addition, in the same

plot, a 235U PH spectrum taken together with 242Pu is plotted. Here it is clear how

the misinterpretation of the low energy part having high electronic thresholds can be

a problem in such experiments. To overcome the issue, a reference 235U PH spectra

taken relative to a sample with less α-activity, i.e. 238U, is normalized together with

the high threshold spectra. In this way, the amount of counts lost in the high threshold

spectra is known.

6.2.2 Target thickness and anisotropy of FF angular

distribution

The efficiency (ε) will depend on the thickness of the target only in the case of having

a neutron energy close to 0. In all the other cases, the efficiency needs to be corrected

for the momentum transfer due to the incoming neutron energy and the anisotropy of
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the emitted FFs. The efficiency is described depending on the position of the foil with

respect to the neutron producing target (facing the neutron source or facing away) [79],

ε =
t0
2R

(
1 + 2η

R

t0

)(
1− a2

2

)

ε =
t0
2R

(
1− η

(
2R

t0
− ηR

2

t20

))(
1− a2

2

)
foil facing the neutron source

foil facing away from the

neutron source

(6.9)

where t0 is the absolute1 thickness of the target, R is the range that a FF can travel

within the target, a2 is the parameter of the Legendre polynomial corresponding to

the anisotropy of the FF cosine distribution and η is the ratio of the velocity of the

fissioning nucleus to the average velocity of its fragments,

η =

√
En

Ef
Af

An + 1
(6.10)

where En is the neutron’s kinetic energy, Ef is the average kinetic energy of the FF,

Af is the average FF atomic weight and An is the atomic weight of the target nucleus.

As presented in Chapter 5, this correction at low neutron incoming energies where

the neutron momentum transfer to the FFs can be considered negligible will be simpli-

fied to Equation (5.5) if the angular distribution of the FFs is isotropic. The FF range

within the sample compound was considered to be of 4.76 mg/cm2 for the tetrafluoride

samples and 3.21 mg/cm2 for the hydroxide samples. Table 6.2 presents the range of

values that the efficiency can take depending on the sample, the position of the sample

with respect to the neutron beam and the neutron incoming energy. The uncertainty

related with this parameter is of 1%.

6.2.3 Influence of the neutron spectrum and the sample spot

size and inhomogeneity

In Chapter 3 it was shown that depending on the thickness of the neutron producing

target, the energy width of the neutrons will vary. Since the proton induced cross

section does not take a constant value this effect needs to be accounted for in the final

cross section calculation by normalizing the reference cross section with the neutron

flux shape. In addition, the emission of neutrons at the producing target is not fully

isotropic. The fissioning samples used in the experiment have different spot sizes and

some are not homogeneous, thus the shape of the emitted flux as a function of the

1To describe the energy loss of a FF within a target it is needed to take into account the compound
that the target is made of. Thus, the total thickness of the compound, its density and stopping power
will be of interest.
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Table 6.2: Summary on the efficiency (ε) values for each sample as a function of its position with
respect to the neutron beam and the neutron incoming energy.

Foil towards neutron beam Foil against neutron beam

En (MeV) ε En (MeV) ε

235U (#2 & #6)
- - 0.5 0.990

- - 2.8 0.995

235U (#1)
- - 0.5 0.991

- - 2.8 0.995

238U
1.6 0.982 1.6 0.994

3.0 0.980 3.0 0.995

237Np
0.3 0.955 - -

3.0 0.951 - -

240Pu
0.5 0.994 0.5 1.0

2.6 0.989 3.0 0.997

242Pu
0.5 0.979 0.3 0.984

2.8 0.974 3.0 0.989

Table 6.3: Correction due to the anisotropy in the neutron emission and the influence of the sample

spot size and its inhomogeneities. The value presented is
∑

i %m1
i Φ1(θi)∑

i %m2
i Φ2(θi)

. Only the ground state of

the LiF reaction and the TiT reaction were considered. The different 235U samples used in this work
were made using the same technique and have nearly the same spot size, thus the results can be
summarized under the same label.

Sample 2 −→ 235U 238U 237Np

Sample 1 ↓
238U < 0.01% - < 2.5%
237Np < 2.5% < 2.5% -
240Pu < 0.02% < 0.04% < 1.3%
242Pu < 0.02% < 0.02% < 1.3%

solid angle is used to correct for this differences. The influence of this effect for the

first term of Equation (6.4), described in Equation (6.6), is listed in Table 6.3.

From Table 6.3 and Figure 3.3 it can be concluded that the strongest effect is due

when the TiT neutron producing target is used with samples of different spot size.

Specifically, the 2.5% correction on the 235,238U(n,f)/237Np(n,f) ratios when the TiT

neutron producing target was used. As it can be noticed, the inhomogeneities present

in the electrodeposited samples (240,242Pu) have an almost negligible effect.

The uncertainty of this correction is given by the uncertainty on the Legendre coeffi-

cients related with the emission of the neutrons. The uncertainty given in Refs. [37,38]

for this parameter is 3% with either the LiF or the TiT neutron producing target.

Thus, the uncertainty of the correction is of 3%, considering that the uncertainty on

the mass distribution of the sample has a negligible impact on the correction.
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6.2.4 Correction due to the excited state of 7Li(p,n)7Be

The 7Li(p,n)7Be reaction has an excited state with a proton energy threshold of

2.3 MeV. The energy of the neutron emitted in this excited state is around 0.4 MeV

lower than the neutron emitted in the ground state. Equation (6.4) accounts for this

secondary energy using the label 1. Nevertheless the influence of this correction to the

final cross section value is never greater than 1%.

6.2.5 Correction of the neutron spectrum by thermalized fast

neutrons due to the setup

One of the drawbacks of using a VdG accelerator without any time-of-flight setup is

that, even though the neutron energy is well-known within 10-50 keV (depending on

the thickness of the neutron producing target), it is difficult to determine the energy

of these neutrons at the moment that they interact with the fissile deposit. The

neutrons in this experiment had to travel around 8 cm between the neutron producing

target and the fissile deposits. During their path, they had to cross several surfaces

(backing of the neutron producing target, water cooling setup, chamber structure).

Each of these layers, but specially the water layer, alter the neutron energy reaching the

fissile deposits. When considering two samples of similar spot size and similar fission

threshold, the effect of having neutrons with lower energy will be nearly negligible.

On the other hand, when a fissile sample is used together with a threshold sample

or when two samples of very different fission threshold are used the knowledge of

the background neutrons is a key point for the understanding of the results. This

correction corresponds to the factor F in Equation (6.4).

Two different setups were used during the different experimental campaigns. First

of all, a setup with no shielding was used, the water cooling in this case had a thickness

between 1 to 3 mm (an average of 2 mm will be considered here on); this first setup

will be labelled setup #1. A second setup with a shielding around the fission chamber

as explained in Figure 3.9 was used when using the 235U sample. A new water cooling

with a thickness of 1 mm was employed in this case. The second geometry will be

called setup #2.

The determination of the neutron background produced by the semi-thermalized

neutrons was obtained by means of a Monte Carlo simulation using the transport code

MCNP [47]. The geometry of the two different setups used is presented in Figure 6.2.

The energy of the emitted neutron was distributed according to the tables of

Refs. [37, 38], as well as the emission angle and its emission probability. The result

obtained was the average flux over the sample surface as a function of the incident

neutron energy. The flux was normalized by the neutron-induced fission cross section

of the corresponding isotope. An example of the neutron flux spectra obtained using
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Figure 6.2: Geometry used in the simulations with the MCNP code. (a) Setup #1 ; (b) setup #2.
Besides the shielding, the main difference between the two setups is the thickness of the water layer
(2 mm for setup #1 ; 1 mm for setup #2 ).
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Figure 6.3: Neutron flux simulated with MCNP using the configuration of setup #1 and normalized
by the fission cross section for (a) 0.8 MeV LiF and (b) 1.8 MeV TiT.

setup #1 for each isotope at two different energies and using two different neutron

producing targets is shown in Figure 6.3: (a) LiF 0.8 MeV and (b) TiT 1.8 MeV. The

flux of the main neutron energy was normalized, then, by the total flux impinging the

sample, obtaining the correction factor. Figures 6.4 and 6.5 present the correction

factors as a function of the different isotopes and neutron energy for setup #1 and

setup #2, respectively, when using as neutron producing target (a) LiF or (b) TiT.

The main setup structures that lower the neutron energy are the backing of the

neutron producing target, the water cooling of the neutron target, the target can and

the ionization chamber structure. The effect of having the shielding structure in place
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Figure 6.4: Correction factors to account for the neutrons outside the region of interest produced
by a thermalization in the setup #1 between the neutron producing target and the fissile deposits.
The values plotted are the amount of neutrons that have passed the fissile deposit with the expected
neutron energy normalized by the neutron-induced fission cross section of the isotope and the total
number of neutrons crossing the surface. (a) Using a LiF neutron producing target; (b) Using a TiT
neutron producing target. For each case the initial neutron energy was a distribution as a function
of the emission angle. The differential cross section tables were taken from Refs. [37, 38].

for the measurements with the 235U sample is around 1% on the neutron peak, and

usually it cancels out when the ratio is performed for the two isotopes. Figure 6.6

presents the influence on some setup items in the thermalization of the neutron flux

for (a) LiF at 0.8 MeV and 1.5 MeV and (b) TiT at 1.8 MeV and 2.2 MeV. For

setup #1 two modifications are presented: the setup without water (s1 nW) and

without water and the ionization chamber structure (s1 nW nIC). In the case of setup

#2, three modifications were done: without shielding (s2 nSH), without shielding and

water cooling (s2 nSH nW) and additionally, without the ionization chamber structure

(s2 nSH nW nIC). It is easy to recognize that the biggest influence comes from the

water layer used to cool the neutron producing target. As mentioned, the influence of

the shielding is negligible for the production of semi-thermalized neutrons, but it does

effectively prevent thermalized neutrons backscattered in the target hall to interact

with the fissile 235U sample.

As an outcome, it is important to point out that these simulations are a key point

to understand the results produced by using samples of very different thresholds. The

uncertainty on these factors will be given for the ratio of two values and it is considered

to be of 0.5%, since the variations on having a slightly different setup geometry did not

give discrepancies higher than this value. The numerical values presented as figures in

this section have been listed in Appendix A.
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by a thermalization in the setup #2 between the neutron producing target and the fissile deposits.
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of the emission angle. The differential cross section tables were taken from Refs. [37, 38].

s
1

s
1

 n
W

s
1

 n
W

 n
IC s
2

s
2

 n
S

H

s
2

 n
S

H
 n

W

s
2

 n
S

H
 n

W
 n

IC s
1

s
1

 n
W

s
1

 n
W

 n
IC s
2

s
2

 n
S

H

s
2

 n
S

H
 n

W

s
2

 n
S

H
 n

W
 n

IC

to
ta

l
Φ

)/
n

(E
Φ

0.80

0.85

0.90

0.95

1.00

1.05
(a) LiF

0.8 MeV 1.5 MeV

U
235

 Np
237

 

s
1

s
1

 n
W

s
1

 n
W

 n
IC s
2

s
2

 n
S

H

s
2

 n
S

H
 n

W

s
2

 n
S

H
 n

W
 n

IC s
1

s
1

 n
W

s
1

 n
W

 n
IC s
2

s
2

 n
S

H

s
2

 n
S

H
 n

W

s
2

 n
S

H
 n

W
 n

IC

to
ta

l
Φ

)/
n

(E
Φ

0.85

0.90

0.95

1.00

1.05

(b) TiT

1.8 MeV 2.2 MeV

U
235

U
238

Np
237

Figure 6.6: Influence of the shielding, the water layer and the ionization chamber to the correction
factors for each of the two setups for (a) 0.8 MeV LiF and 1.5 MeV LiF and (b) 1.8 MeV TiT
and 2.2 MeV TiT. Labels are: s1 (setup #1 ), s1 nW (setup #1 without water layer), s1 nW nIC
(setup #1 without water layer and ionization chamber structure), s2 (setup #2 ), s2 nSH (setup #2
without shielding), s2 nSH nW (setup #2 without shielding and water layer), s2 nSH nW nIC (setup
#2 without shielding, water layer and ionization chamber structure). For a better visualization the
240,242Pu correction factors are not shown since their cross section is very similar to the one of 237Np.
In the case of LiF only the correction factors of 235U and 237Np are presented, since no measurements
were performed with 238U. As it is noticeable for the two setups, the biggest influence comes from the
water layer (2 mm for setup #1 and 1 mm for setup #2 ), on the other hand, the shielding structure of
setup #2 has a negligible influence on the neutron background. Additionally, it is clear that isotopes
with a fission threshold at higher energies are less affected by the neutron background than fissile
isotopes.
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6.3 Evaluations

The neutron-induced fission cross sections obtained using a back-to-back configuration

need for their normalization a reliable and well determined reference cross section. In

this work three different reference isotopes have been used, 237Np, 238U and 235U.

Among the three only the neutron-induced fission cross section of 235U is considered

as a primary standard. Yet, the 238U(n,f) cross section is considered as a secondary

standard. Finally, the 237Np neutron-induced fission cross section has been lately

pointed out by some experiments to be probably underestimated [80,81].

The case of 237Np(n,f)

Recent measurements of the neutron-induced fission cross section of 237Np have indi-

cated that it might be that this cross section needs to be studied in detail again. Pa-

radela et al. [80] measured this cross section in an experiment together with 234U(n,f)

and 238U(n,f). The other two isotopes showed good agreement with the evaluations

in the fast neutron energy region. Nevertheless, the 237Np fission cross section was

measured about 5% higher. This data confirmed the data published already by Ji-

acoletti [82]. Figure 6.7 presents the ENDF, JEFF and JENDL evaluations for this

isotope together with the two data sets mentioned.
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Figure 6.7: Different evaluations of the neutron-induced fission cross section of 237Np. The measured
data of Refs. [80, 82] show a 5% higher cross section than the present evaluations.
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The case of 238U(n,f) as secondary standard

The 238U neutron-induced fission cross section is considered as a secondary standard

by ENDF. Still, the recent evaluation of JEFF 3.2 shows a discrepancy of around 20%

in the threshold and the plateau region with the ENDF and JENDL evaluations (see

Figure 6.8).
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Figure 6.8: Different evaluations of the neutron-induced fission cross section of 238U.

The case of 235U(n,f) as primary standard

Seeing the previous cases of 237Np(n,f) and 238U(n,f) it is clear that the most reliable

neutron-induced fission cross section is the one of 235U. As it is seen in Figure 6.9 the

three considered evaluations agree to a reasonable level in the neutron energy region

covered in this work.

6.4 Uncertainties

A detailed description of the uncertainties related with the present measurements will

give an overview of the accuracy of each correction independently. In Table 6.4 each

source of uncertainty has been itemized. The acquisition system dead time is just

relevant on those measurements when a sample with a short spontaneous fission half-

life is employed, thus for 240,242Pu. The uncertainty of the neutron spectrum correction

was taken as 3% of the correction factor. As mentioned above, this 3% uncertainty

is the one associated to the Legendre polynomial parameters of the neutron angular

distribution fit. It is clear, finally, the major source of uncertainty is due to the
237Np(n,f) ENDF evaluation when used.
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Figure 6.9: Different evaluations of the neutron-induced fission cross section of 235U.

Table 6.4: Summary of the systematic uncertainties corresponding to the cross section measure-
ments.

Uncertainty source 238U 237Np 240Pu 242Pu

Statistical 0.5% 0.5% 0.5% <0.5%

Counts SF - - <1.1% <1.3%

Sample Mass 0.5% 0.3% 0.4% 0.9%

Reference sample 235U mass 1.5% (samples #2 & #6) 2% (sample #1)

Efficiency 1%

Sample purity 0.001%

Correction of neutron spec-
trum

<0.2% <0.2% <0.1% <0.1%

MCNP correction of the ther-
malized flux (ratio)

0.5%

237Np - ENDF evaluation - - 2.2-4%
238U - standard [83] - 0.7%
235U - standard [83] < 0.8%

The final uncertainty value is calculated as the quadratic sum of the correspond-

ing uncertainties listed in Table 6.4 for each measurement ratio. A compendium is

presented in Table 6.5. It is clear that the final uncertainty does not depend on the

experimental statistics, but mainly on the value of the fission fragment loss inside the

sample, the mass uncertainty and some of the evaluations used to normalize the data.
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Table 6.5: Summary of the total uncertainty corresponding to each fission cross section ratio mea-
sured. The upper limit for each ratio is presented.

ratio σSTAT σSYST σTOTAL

238U/235U 0.6% 2.6% 2.7%
237Np/235U 0.5% 2.2% 2.3%
237Np/238U 0.4% 1.7% 1.8%
240Pu/235U 0.5% 2.5% 2.6%
240Pu/238U 0.6% 2.0% 2.1%
240Pu/237Np 0.7% 4.4% 4.5%
242Pu/235U 0.5% 3.0% 3.1%
242Pu/238U 1.4% 2.3% 2.7%
242Pu/237Np 0.8% 4.5% 4.6%



Chapter 7

Fission cross section results

7.1 Results on the fission cross section

In this Chapter a summary of the results obtained during all the measurements are

presented. Several campaigns were performed from 2011 to 2014 (see Figure 7.1). In

order to achieve the comprehension of the reader, the results of each set of experiments

will be presented independently, as well as the conclusions that can be obtained.

Finally, the overall results will be discussed. All the results presented here are obtained

after applying all the corrections explained in Chapter 6.

Figure 7.1: Scheme of the overall experimental campaigns. First experiments (green label) were per-
formed of 240,242Pu(n,f) relative to 237Np(n,f) using setup #1. Afterwards, the secondary standard
238U(n,f) was chosen to normalize our data of the plateau region (red label) as well using the setup
#1. Finally, and due to some discrepancies with the available evaluations, an experiment to evaluate
the 237Np(n,f), 238U(n,f) and 240,242Pu(n,f) was performed using the primary standard 235U(n,f)
(blue labels); this campaign was performed mainly with the B4C-paraffin shielding, thus using the
setup #2.

7.1.1 Measurements of 240,242Pu(n,f) relative to 237Np(n,f)

A first experimental campaign was performed in December 2011. The aim of the

campaign was to measure the neutron-induced fission cross section of both 240,242Pu

relative to 237Np(n,f). The energy range was chosen from 300 keV up to 1.8 MeV in

which the LiF reaction produces a none negligible neutron background.

79



80 7.1. RESULTS ON THE FISSION CROSS SECTION

The results normalized by the ENDF/B-VII.1 evaluation of 237Np(n,f) are pre-

sented in Figures 7.2 and 7.3. The cross section values are systematically lower than

most of the present evaluations; lower than 6% in the case of 240Pu(n,f) and from 5

to 20% in the case of 242Pu(n,f). The fission threshold of 240Pu(n,f) is in concordance

with the JEFF 3.1 evaluation, even though at the plateau region this evaluation shows

larger discrepancies with the present data set. The data set obtained for 242Pu(n,f)

cannot reproduce the upper part of the fission threshold slope of the present evalua-

tions, neither the resonance-like peak placed at 1.0 MeV nor the plateau region level.

Additionally, two different runs performed at 0.9 MeV and at 1.0 MeV gave a differ-

ence of 3% and 9%, respectively. In the case of the 0.9 MeV data point, the difference

can be considered negligible. For the 1.0 MeV, it is clear that the lower point is not

following the trend of the rest of the set. Since it is not clear why this difference is

observed, the point is discarded from the final cross section determination.

Even though corrections due to the sample size were included, a first thought was

that the issue might have come because of the different sample sizes. For this reason

a new set of measurements was planned using a 238U sample of the same spot size as

the 240,242Pu ones.

7.1.2 Measurements of 240,242Pu(n,f) relative to 238U(n,f)

The fission cross section threshold of 238U is about 1.6 MeV, as it can be seen in

Figure 6.8. Therefore, a TiT target was used as neutron producing target since its

neutron energy range can go above the LiF limit (1.8 MeV) with no neutron back-

ground. The goal of this experiment was not only to cross check the results obtained

with the 237Np reference sample, but to retrieve the level and shape of the plateau

region of both 240,242Pu(n,f). Because of the high uncertainty on the sample mass

provided by the original certificate of the 238U sample, it was remeasured by a Single

Frisch-Grid Ionization Chamber (further details were given in Chapter 3).

Figures 7.4 and 7.5 display the results obtained after the normalization with the

ENDF/B-VII.1 evaluation of 238U(n,f) (red dots) together with the previous results

obtained with 237Np(n,f) (blue stars). First of all, for both isotopes at the common

incoming neutron energy of 1.8 MeV the 237Np(n,f) data set and the 238U(n,f) are

consistent. Thus, in both cases in the plateau region the present results are about

9% lower than the present ENDF/B-VII.1 evaluation. In contrast, the data values

at 1.6 MeV and 1.7 MeV obtained using 238U(n,f) as reference do not maintain the

overall plateau region shape and are unexpectedly larger than their corresponding

values obtained using as reference 237Np(n,f).
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Figure 7.2: Neutron-induced fission cross section of 240Pu using as reference 237Np(n,f). The ratio
plot shows clearly a systematic deviation of the experimental values compared to the ENDF/B-VII.1
evaluation. The experimental values agree with the fission threshold represented by the JEFF 3.1
evaluation. At the plateau region, though, the values are systematically lower than any evaluation.
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Figure 7.3: Neutron-induced fission cross section of 242Pu using as reference 237Np(n,f). The ratio
plot shows clearly a systematic deviation of the experimental values compared to the ENDF/B-VII.1
evaluation.
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Figure 7.4: Neutron-induced fission cross section of 240Pu using as reference 238U(n,f). A clear
agreement is found on the common data point at 1.8 MeV with the data taken relative to 237Np(n,f).
In this way, the plateau region is lower than evaluations for all the range. The values encountered for
1.6 MeV and 1.7 MeV show a clear discrepancy on the plateau shape, either due to an underestimation
of the MCNP correction factors or a too large 238U(n,f) ENDF/B-VII.1 evaluation. The ratio plot
shows clearly a systematic deviation of the experimental values compared to the ENDF/B-VII.1
evaluation.
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Figure 7.5: Neutron-induced fission cross section of 242Pu using as reference 238U(n,f). A clear
agreement is found on the common data point at 1.8 MeV with the data taken relative to 237Np(n,f).
In this way, the plateau region is lower than evaluations for all the range. The values encountered for
1.6 MeV and 1.7 MeV show a clear discrepancy on the plateau shape, either due to an underestimation
of the MCNP correction factors or a too large 238U(n,f) ENDF/B-VII.1 evaluation. The ratio plot
shows clearly a systematic deviation of the experimental values compared to the ENDF/B-VII.1
evaluation.
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In conclusion, from the two measurements presented two statements can be put

forward: (a) even though the two data sets are in agreement, the plateau level is lower

than the stated evaluations, but has a similar shape compared with the evaluations for

both 240,242Pu(n,f); (b) either the fission threshold of 238U(n,f) has too large values or

our uncertainty characterizing the neutron flux is too large. Hence, new measurements

to obtain the fission cross section of 237Np and 238U were conducted to point out

whether it was possible to reproduce their evaluations and if the corrections applied

were successful.

7.1.3 Measurements of 237Np(n,f) relative to 238U(n,f)

The understanding of both the 237Np(n,f) and 238U(n,f) cross sections is of importance

to clarify the previous results obtained for the neutron-induced fission cross section

of 240,242Pu. It was decided first to measure the 237Np(n,f) relative to 238U(n,f) to

avoid the use of a fissile sample with the need for a good determination of the thermal

neutron background.

Specifically two different measurements were performed. In the first one a run at

1.8 MeV was conducted without any shielding around the TFGIC. The result, as it

can be seen in Figure 7.6, was around 5% higher than any evaluation. Since the two

isotopes have a different fission threshold and the beam line used was closer to the

target hall wall a first thought was that there was a fast neutron background. Scattered

neutrons might loose a few hundred keVs and, after, reach the detector with higher

probability of interacting with the 237Np sample than with the 238U. Because of this

reason, a first shielding was build around the chamber. A few runs were performed,

but the outcome was the same. Finally, it was decided to build a proper shielding of

B4C-paraffin as explained in Chapter 3. The results obtained were in agreement with

the measurements without the shielding and, as well, within uncertainties with the

recent experiment of Paradela (2010) [80]. In addition, and as it happened with the
240,242Pu(n,f), the value obtained at 1.6 MeV is too large compared with the rest of

the set and does not maintain the plateau region shape.

The confidence on the result of the 237Np(n,f) cross section fully relies on the cross

section of 238U(n,f). Because of that, it was tried to confirm the current ENDF/B-

VII.1 evaluation of 238U(n,f). Additionally, the measurement of the 237Np(n,f) cross

section needed to be extended at the fission threshold level, what implied the change

of the 238U sample to an isotope with much higher cross section at the 1 MeV region,

namely 235U.
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Figure 7.6: Neutron-induced fission cross section of 237Np using as reference 238U(n,f). The ratio
plot shows clearly a systematic deviation of the experimental values compared to the ENDF/B-VII.1
evaluation of around 6%. As in the case of 240,242Pu(n,f) the data point at 1.6 MeV does not maintain
the plateau region shape.

7.1.4 Measurements of 238U(n,f) relative to 235U(n,f)

The cross section of 238U(n,f) was measured from the fission threshold up to 3 MeV

relative to the primary standard 235U(n,f). Since 235U is a fissile isotope care has

to be taken to avoid low energy neutrons. A way to achieve that is to use a pulsed

beam and determine the background flux when the beam is off. In the case of this

experiment the shielding described in Chapter 3 was preferred.

The results obtained can be seen in Figure 7.7. The discrepancy of this exper-

iment compared with the ENDF/B-VII.1 evaluation is around 6% in all the energy

range except at the fission threshold (1.6 MeV) where it goes up to 10%. By shield-

ing the chamber with a B4C-paraffin wall the thermalized neutron room return was

suppressed. Though, the fast background flux of neutrons produced by the setup in

between the neutron producing target and the deposits could not be avoided. Never-

theless, their contribution will be higher for the fissile sample with no fission threshold.

The data presented in the plot correspond to the values not corrected for the neutron

background (black empty stars) and with the MCNP correction (red filled stars). Ad-

ditionally, the shape of the cross section is not maintained, and it is obvious now,

after comparing the present results with the ones obtained for 240,242Pu(n,f) relative

to 238U(n,f), that the ENDF/B-VII.1 evaluation overestimates the fission cross section

at the fission threshold.
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Figure 7.7: Neutron-induced fission cross section of 238U using as reference 235U(n,f). For com-
pleteness the MCNP corrected data (red filled stars) is presented together with the uncorrected (black
empty stars). The ratio plot shows clearly a deviation of the experimental values compared to the
ENDF/B-VII.1 evaluation at the fission threshold of around 10% and an overestimation at the plateau
region of around 6%, when considering the corrected data.

7.1.5 Measurements of 237Np(n,f) relative to 235U(n,f)

The range of the data obtained for the determination of the 237Np(n,f) cross section

was extended using 235U(n,f) as primary standard. In addition, it was decided to

measure with this sample in all the energy range (0.5 MeV up to 3.0 MeV) to verify

the results obtained using the 238U(n,f) as reference.

The results retrieved are presented in Figure 7.8. The values reached at the thresh-

old region are within uncertainties in agreement with the ENDF/B-VII.1 evaluation.

The two common points taken both with LiF and with TiT (1.6 MeV and 1.8 MeV)

differ about 5%. Up to now, the difference on the behavior of the data set taken with

the LiF neutron producing target and the TiT neutron producing target is not clearly

understood. The data set of 235U(n,f) at the plateau region is slightly higher (5%)

than the evaluations and around 2% lower than the values obtained using 238U(n,f)

as reference.

Comparing this results with the ones obtained for 240,242Pu(n,f) it was expected

that the values taken relative to 238U(n,f) were lower than the present evaluations. As

it is shown, this is not the case for the results 237Np(n,f) relative to 238U(n,f).
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Figure 7.8: Neutron-induced fission cross section of 237Np using as reference 238U(n,f) and
235U(n,f). The ratio plot shows an overall agreement with the ENDF/B-VII.1 evaluation for the
235U(n,f) normalization using LiF as neutron producing target, but a systematic higher plateau
region for the data taken using TiT targets in agreement with Paradela (2010) [80].

7.1.6 Measurements of 240,242Pu(n,f) relative to 235U(n,f)

A last measurement was performed to determine the cross section of both 240,242Pu(n,f)

relative to 235U(n,f). Again, the B4C-paraffin shielding was around the TFGIC. In

the case of 240Pu(n,f) only data taken with the LiF neutron producing target are

presented.

The data sets taken using 235U(n,f) as standard are presented together with the

ones relative to 237Np(n,f) and 238U(n,f) in Figures 7.9 and 7.10. The results of

the 235U(n,f) normalization for 240Pu(n,f) are consistent with the ones obtained in

the previous run of 237Np(n,f). Meaning that the fission threshold is consistent with

the present evaluations but the plateau region shape is different. It is remarkable

that the three values taken with different references at 1.8 MeV are very close. The

case of 242Pu(n,f) shows several differences compared to 240Pu(n,f). First, the data

of 235U(n,f) taken with a TiT target were considered correct and can be included

in the overall results. The data set of 242Pu(n,f) obtained relative to 235U(n,f) as

standard and using a LiF neutron producing target is in agreement with the data

relative to 237Np(n,f). The 242Pu(n,f) data obtained relative to 235U(n,f) and the TiT

target is in complete concord with the present ENDF/B-VII.1 evaluation. However

it shows somewhat a similar structure than the JEFF 3.1 evaluation, but it has 6-9%

higher values than the ones obtained using 238U(n,f) as reference. This would result
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in a verification of the increased cross section obtained for 238U(n,f) (this issue will

be treated extensively in the next Section). In addition, a 5% increase in the cross

section is found when the neutron producing target was changed from LiF to TiT.

This behavior is similar to what it has been presented for the 237Np(n,f) case.
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Figure 7.9: Neutron-induced fission cross section of 240Pu using as reference 235U(n,f), 238U(n,f)
and 237Np(n,f). The agreement with the previous results using 237Np(n,f) and 238U(n,f) as refer-
ence is striking. Yet, the ratio plot shows a different plateau region shape than the ENDF/B-VII.1
evaluation.
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Figure 7.10: Neutron-induced fission cross section of 242Pu using as reference 235U(n,f), 238U(n,f)
and 237Np(n,f). The fission threshold values obtained relative to 235U(n,f) are in good agreement
with the ones presented relative to 237Np(n,f). In contrast, the 235U(n,f) values retrieved using a
TiT neutron producing target, even if they are in concordance with the present evaluations, their
discrepancy with the 238U(n,f) values is of 6 to 9%.
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7.2 Discussions

The results presented in the previous section have been very carefully analyzed taking

into account all corrections explained in Chapter 6. Nevertheless, their uncertainty is

often above 2%, mainly due to the normalization to the reference fission cross section.

In addition, between different runs with different reference samples discrepancies out-

side the error bars are observed. Hence, in the present section statements that are well

understood will be presented and discussed. First, a discussion of the results obtained

for the neutron-induced fission cross section of 238U and 237Np will be given. Later,

the main characteristics of the 240,242Pu(n,f) results will be explained.

7.2.1 238U(n,f) cross section

The fission cross section of 238U is considered as a secondary standard. Some new

measurements [84, 85] in the range of 30 MeV to 200 MeV and 5 MeV to 200 MeV,

respectively, suggest an increase of the absolute cross section, as discussed in Ref. [83].

Besides, there are some data sets that determined a higher cross section than the

current ENDF/B-VII.1 evaluation, such as the one of Lamphere (1956) [86]. The

agreement of the present experiment with earlier literature values is satisfying at the

threshold region, but 10% lower than the current ENDF/B-VII.1 evaluation. At the

plateau region the present data follow the data set of Lamphere (1956) and agree with

the JEFF 3.2 evaluation (see Figure 7.11). These later values are around 10% higher

than most of the data sets available and the present ENDF and JENDL evaluations.

The fission cross section obtained without the MCNP corrections follows the ENDF

evaluation at the plateau region, nevertheless, in the present analysis it is shown that

the MCNP corrections cannot be neglected.

7.2.2 237Np(n,f) cross section

The results of Figure 7.12 reveal a discrepancy using 235U(n,f) as reference when data

is taken with a LiF neutron producing target or a TiT neutron producing target. In the

case of the data taken with the LiF, a rather good agreement (within 3%) is observed

between the evaluations and the present 237Np(n,f) data taken relative to 235U(n,f).

Nonetheless, the data taken using a TiT neutron producing target yielded values close

to the ones of Paradela (2010) [80]. In addition, if the present data obtained for the
238U(n,f) cross section will be used to normalize the 237Np(n,f) cross section instead

of the ENDF 238U(n,f) evaluation, the discrepancy between Paradela’s data set and

the values obtained relative to 235U(n,f) will become larger and amount to 15%. The

reason for this mismatch of the 237Np(n,f) cross section is presently unclear.
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Figure 7.11: Summary of the neutron-induced fission cross section of 238U data obtained normalized
by 235U(n,f) with (red stars) and without (black stars) MCNP corrections compared with the different
evaluations available and three experimental data sets: Shcherbakov (2001) [87], Meadows (1989) [88]
and Lamphere (1956) [86].
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Figure 7.12: Summary of the neutron-induced fission cross section of 237Np using as reference
238U(n,f) and 235U(n,f). A normalization using the 238U(n,f) cross section values in this experiment
is plotted as well. The ratio plot shows an overall agreement with the ENDF/B-VII.1 evaluation for
the 235U(n,f) normalization using LiF as neutron producing target, but a systematic higher plateau
region for the data taken using TiT targets in agreement with Paradela (2010) [80]. The normalization
using this experiment’s 238U(n,f) cross section is clearly mismatching the rest of the results and the
plateau region shape.
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7.2.3 240Pu(n,f) cross section

Considering the results obtained in the present experiment for the 238U(n,f) cross

section, and taking into account the agreement with previous experimental data, an

interesting analysis would be to use the present 238U(n,f) and 237Np(n,f) results to

normalize the data obtained for 240Pu(n,f). Figure 7.13 shows all data sets together

using the present 238U(n,f) and 237Np(n,f) data including MCNP corrections for nor-

malization (gray dots). Below 1.8 MeV the agreement of the data normalized to the

present 238U(n,f) cross section is in concordance with the rest of the values deter-

mined at this energy. Finally, the shape at the plateau region resembles the one of

the ENDF/B-VII.1 evaluation, though 5% lower values are found in the region 1.8-

2.5 MeV. The values at 0.7 and 0.8 MeV normalized to the present 237Np(n,f) cross

section are lower than ENDF. The reason is that only two points in the 237Np(n,f)

cross section threshold were measured in this work, thus a linear interpolation was in

between. The slope of this linear interpolation is, logically, different than the threshold

slope for the 237Np(n,f) cross section. As consequence, this leads to too small cross

section values at 0.7 and 0.8 MeV.

7.2.4 242Pu(n,f) cross section

Following the procedure for 240Pu(n,f), a normalization using the present 238U(n,f)

and 237Np(n,f) cross section has been applied to the 242Pu(n,f)/238U(n,f) ratio and

the 242Pu(n,f)/237Np(n,f) ratio. The overall results obtained using different normal-

izations can be explored in Figure 7.14. Using the new 238U(n,f) normalization con-

sidering the MCNP corrections (gray dots) the values obtained from 1.8-2.5 MeV are

off by 7-9% compared to the ones using the 235U(n,f) normalization (green stars). In

contrast, at higher energies, the concordance is striking. The problem of the normal-

ization at 0.7 and 0.8 MeV using the present 237Np(n,f) cross section is seen in this

case, too.
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Figure 7.13: Summary of the 240Pu(n,f) results obtained in this experiment. A new normalization
using the experimental data of 238U(n,f) presented in this work is used with MCNP corrections (gray
dots). The overall agreement with the different normalizations is very high.
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Figure 7.14: Summary of the 242Pu(n,f) results obtained in this experiment. A new normalization
using the experimental data of 238U(n,f) presented in this work is used with MCNP corrections (gray
dots). The overall agreement with the different normalizations is very high at the threshold region,
though discrepancies are found at the 1.8-2.5 MeV region between the 238U(n,f) normalization and
the 235U(n,f) normalization.





Conclusions

The determination of the neutron-induced fission cross section of 240,242Pu was the

main goal of this project. The detector chosen was a TFGIC that was assembled to

work in a back-to-back configuration. The optimized settings of the detector were

investigated during this work, using the experience with these chambers acquired over

the past decades at the JRC-IRMM. To begin with, the spontaneous fission half-lives

for both isotopes (240,242Pu) were determined, reaching unprecedented statistics and

achieving very small systematic uncertainties. The results of this particular work were

already published in Paper I. In this way, the acquisition software could be developed

as well as the analysis routines.

The cross section measurements were performed at the VdG laboratory at the

JRC-IRMM. The quasi-monoenergetic neutron source provided a high intense flux at

fast neutron energies. The energy range covered in this set of experiments was from

300 keV up to 3 MeV. Metallic lithium targets were tested during the period when this

experiment took place. These targets would give much more neutrons compared to LiF

targets. It is known, however, that metallic lithium diffuses into certain materials and

reacts with atmospheric air. Therefore, the targets were prepared using passivation

layers on the backing substrate and a protective cover was investigated. An extended

description of this work is presented in Paper II. Three different reference samples

(235U, 238U and 237Np) were chosen to normalize the neutron flux. Very preliminary

results using 237Np(n,f) and 238U(n,f) as reference cross sections were published in

Paper III and Paper IV. The preliminary data of these two papers, published as

conference proceedings, were based on a different 238U sample mass and not considering

any flux correction due to the background neutron contribution. Therefore, the results

and conclusions need to be revised based on the results of Chapters 6 and 7.

Further investigations showed that the high α-activity of the 240,242Pu samples

needed special attention. In particular, the complete separation of the α-particle

signals from the low energy fission fragment signals was at stake. To do so, the

counting gas was changed from P10 to CH4. All data was stored using a waveform

digitizer for further offline analysis. Additionally, the mass of the 238U sample was

remeasured independently by two methods, as explained in Chapter 3: low geometry

α-counting and using a single sided ionization chamber. The agreement on the value

93
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obtained by the two methods was outstanding and within uncertainties. The mass

value was 7% lower that the one mentioned in Paper III and Paper IV. Hence the

difference between the two data sets published in there and the present ones was

mainly due to the 238U mass, as well as the neutron background flux correction.

Special emphasis has been put to determine the different systematic corrections.

Not only the effects of the characteristics of the different deposits were considered,

but an effort was put in the determination of the correct neutron flux impinging each

deposit as a function of the isotope and the initial neutron energy spectra. Addition-

ally, the study of the different reference samples independently of the 240,242Pu(n,f)

measurements, their evaluations and previous experimental data brought important

information to meet the objectives of this work.

Figures A and B present the final fission cross section values for 240Pu and 242Pu,

respectively. In each Figure two weighted averages are considered: all the primary data

normalized to the ENDF evaluation (red crosses) and the primary data normalized to

the 237Np(n,f) and 238U(n,f) cross section obtained in the present experiment (green

stars). It is clear that the best agreement comes for both 240,242Pu(n,f) cross section

when the latter weighted average is used. In all cases, the uncertainty of the final value

corresponds to the highest individual uncertainty at this incoming neutron energy. The

window on the neutron energy corresponds to the neutron energy spread due to the

thickness of the neutron producing target. When more than one measurement was

done at a certain neutron energy the highest neutron energy spread was considered

for the final value. The values used for calculating the weighted averages are listed in

Appendix B. In the 242Pu(n,f) case, an interpolation between two experimental values

was performed prior to the weighted average calculation not to bias the results when

only one experimental normalization at a single energy was available (either 238U(n,f)

or 235U(n,f)).

The results obtained for the neutron-induced fission cross section of 240Pu are in

good agreement at the fission threshold with previous experimental data and with

the current evaluations. At the plateau region, the present experiment is clearly

comparable with the lower experimental values available in literature. Above 2.5 MeV

only measurements relative to 238U(n,f) were available. Hence, an overestimation at

these energies of the 238U(n,f) reference cross section could be the cause of the rising

slope. The same effect is seen for the 242Pu fission cross section. Comparable with the

higher spontaneous fission half-life value obtained for 240Pu, a possible explanation of

the lower fission cross section values measured here might be due to a better separation

of the low energy fission fragments compared with several α-particles piled up together.

In the case of the results achieved for the neutron-induced fission cross section of
242Pu, the present experiment agrees with previous experimental data at the beginning

of the fission threshold. At around a neutron energy of 0.7 MeV systematic discrepan-

cies are observed, specially if the values presented here are compared with the present

evaluations. First of all, the present experiment could not reproduce in any case the

resonance-like structure that some previous experiments observed around 1.1 MeV.
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Additionally, as can be seen in Figure B, the evaluations are following mainly the

data sets with higher values. At the plateau region, this experiment is in concordance

especially with the experiment of Staples (1998) [27] and Tovesson (2009) [35].

In Appendix B the presented numerical values are listed. For each isotope studied

the values obtained using the different reference samples are first presented, together

with the values used to normalize them. Second, the obtained weighted average values

are given.

Finally, the investigations of the neutron-induced fission cross section of 237Np

did not lead to a clarification whether the present ENDF/B-VII.1 evaluation or the

data of Paradela (2010) [80] are correct. But, if a weighted average of all the data

obtain is performed (see Figure C) using either the ENDF normalization for 238U(n,f)

(red crosses) or the normalization using the present experimental data for 238U(n,f)

(green stars), a good agreement of the data with the evaluations is seen in the fission

threshold. In contrast, a discrepancy in the plateau region is observed in both cases

similar to the results of Paradela (2010) [80].

Regarding the 238U neutron-induced fission cross section, the present experiment

has obtained higher values than most of the available literature data. Nevertheless,

using these results lead to coherent results for the 240,242Pu fission cross sections.

Therefore, and taking into account the challenges meet during the present experiment,

it might be that the 238U neutron-induced fission cross section in the fast neutron

energy region (below 6 MeV) cannot be considered as a secondary standard. Moreover,

the large discrepancies between the JEFF 3.2 and the ENDF/B-VII.1 need to be

investigated. The results obtained in the present experiment are presented in Figure D

together with the current evaluations and the data sets of Shcherbakov (2001) [87],

Meadows (1989) [88] and Lamphere (1956) [86].

Proposals for further investigations

In view of the present results, new measurements of the 237Np(n,f) and 238U(n,f) cross

section are highly recommended. Those measurements should be performed with a

well characterized neutron flux beam, either from a VdG accelerator or a Linear ac-

celerator. In case where there is no possibility to set up a time-of-flight measurement

an effort should be taken to characterize the neutron flux. For instance, a specific

proposal for the VdG facility would be to monitor with the 235U(n,f) cross section the

beam at different distances from the neutron producing target and with different water

layer thicknesses to cool the neutron producing target. Furthermore, this monitoring

could be compared with MCNP simulations of the setup used. The neutron angular

distribution could be checked in the same way. Additionally, this would bring infor-

mation on the systematic uncertainties related with the MCNP simulations. Finally,

the 5% difference obtained between the data taken relative to 235U using a LiF neu-

tron producing target and a TiT neutron producing target needs to be investigated.

This mismatch could be due to a deficiency on the MCNP simulations, since it was

not present when the 240,242Pu(n,f) cross section was measured relative to threshold

reactions, such as 237Np(n,f) or 238U(n,f).
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Figure A: Summary of the results of this experiment compared with the most relevant experiments
performed on the neutron-induced fission cross section of 240Pu and with current evaluations. Two
weighted averages of the results of this experiment are plotted: one using purely the experimental
data normalized to the ENDF evaluation of 237Np(n,f) and 238U(n,f) and the other normalizing
the data using this experiment’s results for 237Np(n,f) and 238U(n,f). The evaluations chosen are:
ENDF/B-VII.1 [19], JEFF 3.1 [20] and JENDL 4.0 [21]. The experimental data shown are: Ruddick
(1964) [22], White (1967) [23], Meadows (1981) [24], Budtz-Jørgensen (1981) [25], Staples (1998) [27],
Laptev (2004) [26] and Tovesson (2009) [35]. Selected data points are shown for legibility of the plot.
Data found as a ratio to 235U(n,f) were normalized to the ENDF/B-VII.1 evaluation of this isotope.
Further explanation is given in the text.
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Figure B: Summary of the results of this experiment compared with the most relevant experiments
performed on the neutron-induced fission cross section of 242Pu and with current evaluations. Two
weighted averages of the results of this experiment are plotted: one using purely the experimental
data normalized to the ENDF evaluation of 237Np(n,f) and 238U(n,f) and the other normalizing
the data using this experiment’s results for 237Np(n,f) and 238U(n,f). The evaluations chosen are:
ENDF/B-VII.1 [19], JEFF 3.1 [20] and JENDL 4.0 [21]. The JENDL 4.0 evaluation follows perfectly
the ENDF/B-VII.1. The experimental data shown are: Bergen (1970) [31], Auchampaugh (1971) [32],
Meadows (1978) [33], Weigmann (1984) [34], Staples (1998) [27] and Tovesson (2009) [35]. Selected
data points are shown for legibility of the plot. Data found as a ratio to 235U(n,f) were normalized
to the ENDF/B-VII.1 evaluation of this isotope. Further explanation is given in the text.
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Figure C: Summary of the results of this experiment compared with Paradela (2010) [80] performed
on the neutron-induced fission cross section of 237Np and with current evaluations. Two weighted
averages are plotted: using the ENDF normalization for 238U(n,f) (red crosses) or using the normal-
ization using this experiment’s data for 238U(n,f) (green stars).
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Figure D: Summary of the results of this experiment compared with some experiments performed
on the neutron-induced fission cross section of 238U and with current evaluations. The experimental
data shown are: Lamphere (1956) [86], Meadows (1989) [88], Shcherbakov (2001) [87].





Appendix A

Numerical values of the MCNP simulations

In this Appendix the numerical values of the correction factors based on the MCNP

simulations described in Chapter 6 are listed.

Table A.1: Numerical values of the correction factors corresponding to Figure 6.4(a). Setup #1 was
used for the simulations and the neutron producing target was a LiF.

En (MeV) 235U 237Np 240Pu 242Pu

0.291 0.592 0.926 0.811 0.925

0.518 0.816 0.978 0.960 0.967

0.733 0.874 0.981 0.976 0.982

0.786 0.862 0.971 0.966 0.974

0.891 0.864 0.964 0.964 0.974

0.996 0.872 0.961 0.961 0.972

1.099 0.863 0.942 0.943 0.955

1.203 0.873 0.941 0.940 0.949

1.306 0.874 0.942 0.939 0.943

1.408 0.873 0.944 0.940 0.941

1.511 0.881 0.944 0.940 0.941

1.613 0.882 0.944 0.941 0.941

1.715 0.892 0.944 0.942 0.942

1.816 0.891 0.944 0.942 0.941
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Table A.2: Numerical values of the correction factors corresponding to Figure 6.4(b). Setup #1
was used for the simulations and the neutron producing target was a TiT.

En (MeV) 235U 238U 237Np 240Pu 242Pu

1.609 0.879 0.993 0.950 0.947 0.950

1.711 0.888 0.990 0.952 0.950 0.952

1.812 0.906 0.987 0.956 0.953 0.955

1.913 0.909 0.986 0.957 0.956 0.956

2.015 0.914 0.986 0.960 0.959 0.958

2.116 0.919 0.984 0.960 0.959 0.957

2.217 0.919 0.983 0.961 0.959 0.957

2.720 0.926 0.975 0.960 0.957 0.956

3.222 0.926 0.969 0.958 0.957 0.955

Table A.3: Numerical values of the correction factors corresponding to Figure 6.5(a). Setup #2 was
used for the simulations and the neutron producing target was a LiF.

En (MeV) 235U 237Np 240Pu 242Pu

0.291 0.684 0.941 0.851 0.940

0.518 0.866 0.983 0.968 0.974

0.733 0.910 0.985 0.981 0.986

0.786 0.902 0.976 0.973 0.979

0.891 0.902 0.970 0.971 0.979

0.996 0.909 0.967 0.967 0.977

1.099 0.900 0.952 0.953 0.963

1.203 0.905 0.950 0.950 0.958

1.306 0.906 0.950 0.947 0.951

1.408 0.910 0.950 0.947 0.948

1.511 0.911 0.950 0.947 0.947

1.613 0.912 0.950 0.947 0.947

1.715 0.916 0.949 0.947 0.947

1.816 0.914 0.948 0.946 0.946
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Table A.4: Numerical values of the correction factors corresponding to Figure 6.5(b). Setup #2
was used for the simulations and the neutron producing target was a TiT.

En (MeV) 235U 238U 237Np 240Pu 242Pu

1.609 0.901 0.994 0.955 0.952 0.956

1.711 0.914 0.991 0.957 0.955 0.958

1.812 0.923 0.989 0.960 0.958 0.960

1.913 0.928 0.988 0.961 0.960 0.960

2.015 0.932 0.988 0.963 0.962 0.962

2.116 0.934 0.987 0.964 0.963 0.961

2.217 0.936 0.986 0.963 0.962 0.961

2.720 0.939 0.978 0.960 0.959 0.958

3.222 0.938 0.972 0.958 0.958 0.956

Table A.5: Numerical values of the correction factors corresponding to Figure 6.6(a). The influence
of the different setup layers is analyzed at 0.8 MeV and 1.5 MeV using a LiF neutron producing
target. Labels are: s1 (setup #1 ), s1 nW (setup #1 without water layer), s1 nW nIC (setup #1
without water layer and ionization chamber structure), s2 (setup #2 ), s2 nSH (setup #2 without
shielding), s2 nSH nW (setup #2 without shielding and water layer), s2 nSH nW nIC (setup #2
without shielding, water layer and ionization chamber structure).

0.8 MeV 1.5 MeV
235U 237Np 235U 237Np

s1 0.862 0.971 0.888 0.944

s1 nW 0.951 0.984 0.947 0.970

s1 nW nIC 0.968 0.991 0.957 0.984

s2 0.902 0.976 0.911 0.950

s2 nSH 0.905 0.977 0.910 0.956

s2 nSH nW 0.953 0.984 0.943 0.969

s2 nSH nW nIC 0.965 0.990 0.955 0.981

Table A.6: Numerical values of the correction factors corresponding to Figure 6.6(b). The influence
of the different setup layers is analyzed at 1.8 MeV and 2.2 MeV using a TiT neutron producing
target. Labels are: s1 (setup #1 ), s1 nW (setup #1 without water layer), s1 nW nIC (setup #1
without water layer and ionization chamber structure), s2 (setup #2 ), s2 nSH (setup #2 without
shielding), s2 nSH nW (setup #2 without shielding and water layer), s2 nSH nW nIC (setup #2
without shielding, water layer and ionization chamber structure).

1.8 MeV 2.2 MeV
235U 238U 237Np 235U 238U 237Np

s1 0.906 0.987 0.956 0.919 0.983 0.961

s1 nW 0.952 0.992 0.973 0.953 0.990 0.976

s1 nW nIC 0.966 0.995 0.985 0.967 0.994 0.986

s2 0.923 0.989 0.960 0.936 0.986 0.963

s2 nSH 0.922 0.990 0.963 0.931 0.986 0.967

s2 nSH nW 0.949 0.992 0.972 0.950 0.990 0.975

s2 nSH nW nIC 0.958 0.996 0.982 0.963 0.995 0.985





Appendix B

Numerical results of the cross section

measurements

In this Appendix the numerical values presented in the cross section plots of Chapters 7

and 8 are listed.

The parameters presented in each table are: En (MeV), mean neutron energy;

∆En (MeV), uncertainty in neutron energy due to target thickness; σ (b), neutron-

induced fission cross section; ∆σ (b), uncertainty on the neutron-induced fission cross

section; and, σi,j (b), neutron-induced fission cross section of the isotope i used in the

normalization (j refers to the ENDF/B-VII.1 evaluation - ENDF - or the weighted

average of the results of this experiment - exp -).

As explained in Chapter 3 and 6, the neutron energy is not discrete but it has a

distribution within a range. This range of neutron energies depends mainly on the

thickness of the neutron producing target. Additionally, the (p,n) cross section of both

LiF and TiT reactions do not have a constant behavior. Therefore, to calculate the

cross section values these parameters were accounted for by weighting the neutron flux

with the neutron-induced fission cross section of the reference isotope. In this way, the

values presented in the weighted average tables (Tab. B.1 and B.4) might be slightly

different than the ones written under the label σi,exp, where i is the isotope.

B.1 Numerical results of the 238U(n,f)

Table B.1: Measured 238U(n,f) cross section using as a reference the ENDF/B-VII.1 235U(n,f) cross
section. The values in brackets are the uncertainty in the last digit.

En (MeV) ∆En (MeV) σ (b) ∆σ (b) σ235,ENDF (b)

1.6 0.094 0.385 0.006 1.253(7)

1.8 0.090 0.484 0.008 1.271(7)

2.0 0.085 0.555 0.010 1.284(7)

2.5 0.075 0.579 0.010 1.262(7)

2.8 0.071 0.578 0.010 1.240(8)
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B.2 Numerical results of the 237Np(n,f)

Table B.2: Measured 237Np(n,f) cross section using as a reference the ENDF/B-VII.1 238U(n,f) cross
section and the values obtained for the 238U(n,f) cross section in this experiment (see Table B.1).
The values in brackets are the uncertainty in the last digit.

En
(MeV)

∆En
(MeV)

σ (b) ∆σ (b) σ238,ENDF (b) σ (b) ∆σ (b) σ238,exp (b)

1.8 0.083 1.84 0.03 0.484(3) 1.83 0.04 0.482(8)

1.8 0.083 1.84 0.03 0.484(3) 1.84 0.04 0.482(8)

1.9 0.080 1.82 0.03 0.511(3) 1.85 0.04 0.521(8)

2.0 0.078 1.85 0.03 0.532(3) 1.91 0.04 0.550(10)

1.6 0.089 2.08* 0.03 0.419(3) 1.92* 0.04 0.386(5)

1.8 0.083 1.87 0.03 0.484(3) 1.87 0.04 0.482(8)

2.2 0.076 1.87 0.03 0.547(3) 1.94 0.04 0.565(12)

2.4 0.073 1.86 0.03 0.546(3) 1.95 0.04 0.574(14)

2.6 0.070 1.86 0.03 0.542(3) 1.99 0.05 0.579(16)

2.8 0.067 1.83 0.03 0.536(4) 1.97 0.05 0.578(10)

3.0 0.064 1.81 0.03 0.525(3) 1.99 0.05 0.578(10)

* Value not included in the final weighted average.

Table B.3: Measured 237Np(n,f) cross section using as a reference the ENDF/B-VII.1 235U(n,f)
cross section. The values in brackets are the uncertainty in the last digit.

En (MeV) ∆En (MeV) σ (b) ∆σ (b) σ235,ENDF (b)

0.5 0.054 0.500 0.009 1.138(7)

0.9 0.046 1.37 0.02 1.142(7)

1.0 0.045 1.45 0.02 1.198(7)

1.6 0.038 1.67 0.02 1.253(7)

1.8 0.036 1.68 0.02 1.270(7)

1.6 0.089 1.78 0.03 1.253(7)

1.8 0.085 1.78 0.04 1.271(7)

2.0 0.080 1.83 0.04 1.284(7)

2.2 0.076 1.82 0.04 1.277(7)

2.4 0.073 1.81 0.04 1.267(7)

2.6 0.070 1.81 0.04 1.257(7)

2.8 0.067 1.80 0.04 1.240(8)
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Table B.4: Weighted average of the measured 237Np(n,f) cross section (1) using the ENDF/B-VII.1
238U(n,f) cross section normalization and (2) using the present 238U(n,f) cross section. An interpo-
lation between two experimental values was performed prior to the weighted average calculation not
to bias the results when only one experimental normalization at a single energy was available (either
238U(n,f) or 235U(n,f)).

En (MeV) ∆En (MeV) σ1 (b) ∆σ1 (b) σ2 (b) ∆σ2 (b)

0.5 0.054 0.500 0.009 0.500 0.009

0.9 0.046 1.37 0.02 1.37 0.02

1.0 0.045 1.45 0.02 1.45 0.02

1.6 0.089 1.70 0.03 1.70 0.03

1.8 0.085 1.78 0.04 1.75 0.04

1.9 0.080 1.82 0.03 1.85 0.04

2.0 0.080 1.84 0.04 1.87 0.04

2.2 0.076 1.85 0.04 1.88 0.04

2.4 0.073 1.84 0.04 1.88 0.04

2.6 0.070 1.84 0.04 1.88 0.05

2.8 0.067 1.83 0.04 1.87 0.05

3.0 0.064 1.80 0.04 1.87 0.05

B.3 Numerical results of the 240Pu(n,f)

Table B.5: Measured 240Pu(n,f) cross section using as a reference the ENDF/B-VII.1 237Np(n,f)
cross section and the values obtained for the 237Np(n,f) cross section in this experiment (see Ta-
ble B.4). The values in brackets are the uncertainty in the last digits.

En
(MeV)

∆En
(MeV)

σ (b) ∆σ (b) σ237,ENDF (b) σ (b) ∆σ (b) σ237,exp (b)

0.5 0.040 0.404 0.018 0.486(20) 0.410 0.010 0.493(8)

0.7 0.037 0.88 0.05 1.068(57) 0.770* 0.017 0.930(13)

0.8 0.036 1.07 0.05 1.259(59) 0.98* 0.02 1.149(16)

0.9 0.024 1.28 0.05 1.375(56) 1.26 0.02 1.354(18)

1.0 0.023 1.39 0.05 1.468(51) 1.37 0.03 1.446(20)

1.2 0.022 1.45 0.05 1.520(47) 1.46 0.03 1.534(21)

1.3 0.022 1.44 0.04 1.559(44) 1.46 0.03 1.577(22)

1.6 0.028 1.53 0.04 1.642(44) 1.59 0.03 1.704(23)

1.7 0.028 1.54 0.04 1.658(44) 1.62 0.03 1.741(24)

1.8 0.027 1.55 0.05 1.675(45) 1.65 0.03 1.778(25)

* Value not included in the final weighted average.
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Table B.6: Measured 240Pu(n,f) cross section using as a reference the ENDF/B-VII.1 235U(n,f)
cross section. The values in brackets are the uncertainty in the last digit.

En (MeV) ∆En (MeV) σ (b) ∆σ (b) σ235,ENDF (b)

0.5 0.054 0.420 0.010 1.138(7)

0.8 0.047 1.04 0.02 1.115(7)

1.2 0.042 1.45 0.03 1.203(6)

1.6 0.037 1.58 0.04 1.253(7)

1.8 0.036 1.59 0.03 1.270(7)

Table B.7: Measured 240Pu(n,f) cross section using as a reference the ENDF/B-VII.1 238U(n,f)
cross section and the values obtained for the 238U(n,f) cross section in the present (see Table B.1).
The values in brackets are the uncertainty in the last digit.

En
(MeV)

∆En
(MeV)

σ (b) ∆σ (b) σ238,ENDF (b) σ (b) ∆σ (b) σ238,exp (b)

1.6 0.087 1.65* 0.02 0.420(3) 1.52 0.03 0.387(5)

1.7 0.085 1.59* 0.03 0.455(3) 1.53 0.03 0.436(6)

1.8 0.083 1.58 0.03 0.484(3) 1.57 0.03 0.482(7)

1.9 0.080 1.58 0.03 0.511(3) 1.61 0.04 0.521(8)

2.0 0.078 1.59 0.03 0.532(3) 1.64 0.04 0.550(9)

2.2 0.074 1.60 0.03 0.547(3) 1.65 0.04 0.565(10)

2.3 0.073 1.58 0.02 0.547(3) 1.64 0.04 0.570(10)

2.4 0.071 1.55 0.02 0.546(3) 1.63 0.04 0.575(10)

2.5 0.070 1.59 0.02 0.544(3) 1.69 0.04 0.578(10)

2.6 0.068 1.59 0.02 0.542(3) 1.70 0.04 0.579(11)

2.8 0.065 1.59 0.03 0.536(4) 1.72 0.04 0.578(10)

3.0 0.063 1.58 0.02 0.525(3) 1.74 0.04 0.578(10)

* Value not included in the final weighted average.
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Table B.8: Weighted average of the measured 240Pu(n,f) cross section (1) using the ENDF/B-VII.1
238U(n,f) and 237Np(n,f) cross section normalization and (2) using this experiment 238U(n,f) and
237Np(n,f) cross section.

En (MeV) ∆En (MeV) σ1 (b) ∆σ1 (b) σ2 (b) ∆σ2 (b)

0.5 0.054 0.416 0.018 0.415 0.010

0.7 0.037 0.882 0.05 - -

0.8 0.047 1.04 0.05 1.04 0.02

0.9 0.024 1.28 0.05 1.26 0.02

1.0 0.023 1.39 0.05 1.37 0.03

1.2 0.042 1.45 0.05 1.46 0.03

1.3 0.022 1.44 0.04 1.46 0.03

1.6 0.087 1.56 0.04 1.56 0.04

1.7 0.085 1.54 0.04 1.57 0.03

1.8 0.083 1.58 0.05 1.60 0.03

1.9 0.080 1.58 0.03 1.61 0.04

2.0 0.078 1.59 0.03 1.64 0.04

2.2 0.074 1.60 0.02 1.65 0.04

2.3 0.073 1.58 0.02 1.64 0.04

2.4 0.071 1.55 0.02 1.69 0.04

2.6 0.068 1.59 0.02 1.70 0.04

2.8 0.065 1.59 0.03 1.72 0.04

3.0 0.063 1.58 0.02 1.74 0.04
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B.4 Numerical results of the 242Pu(n,f)

Table B.9: Measured 242Pu(n,f) cross section using as a reference the ENDF/B-VII.1 237Np(n,f)
cross section and the values obtained for the 237Np(n,f) cross section in this experiment (see Ta-
ble B.4). The values in brackets are the uncertainty in the last digits.

En
(MeV)

∆En
(MeV)

σ (b) ∆σ (b) σ237,ENDF (b) σ (b) ∆σ (b) σ237,exp (b)

0.3 0.047 0.064 0.003 0.078(3) 0.064 0.003 0.078(3)

0.5 0.040 0.225 0.010 0.486(20) 0.228 0.006 0.493(7)

0.7 0.037 0.57 0.03 1.068(57) 0.497* 0.012 0.930(14)

0.8 0.036 0.81 0.04 1.259(59) 0.740* 0.017 1.149(16)

0.9 0.034 1.08 0.04 1.375(56) 1.06 0.02 1.354(18)

1.0 0.032 1.21* 0.04 1.468(51) 1.20* 0.03 1.446(20)

1.1 0.032 1.38 0.05 1.490(46) 1.38 0.03 1.491(20)

1.2 0.031 1.39 0.05 1.520(47) 1.40 0.03 1.534(21)

1.3 0.031 1.32 0.04 1.559(43) 1.33 0.03 1.577(22)

1.4 0.029 1.33 0.04 1.591(44) 1.36 0.03 1.619(22)

1.5 0.029 1.34 0.04 1.615(43) 1.37 0.03 1.662(23)

1.6 0.028 1.35 0.04 1.642(44) 1.40 0.03 1.704(23)

1.7 0.028 1.33 0.04 1.658(44) 1.40 0.03 1.741(24)

1.8 0.027 1.34 0.04 1.675(45) 1.43 0.03 1.778(24)

0.9 0.018 1.10 0.05 1.375(56) 1.08 0.03 1.354(18)

1.0 0.018 1.31 0.05 1.468(51) 1.29 0.03 1.446(20)

1.1 0.021 1.36 0.04 1.490(46) 1.36 0.03 1.491(20)

1.6 0.015 1.34 0.05 1.642(44) 1.39 0.04 1.704(23)

0.95 0.023 1.24 0.04 1.433(50) 1.21 0.02 1.407(19)

1.05 0.021 1.35 0.05 1.480(45) 1.34 0.03 1.471(20)

1.15 0.022 1.38 0.05 1.500(46) 1.39 0.03 1.513(21)

1.6 0.036 1.34 0.04 1.642(44) 1.39 0.03 1.704(23)

* Value not included in the final weighted average.
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Table B.10: Measured 242Pu(n,f) cross section using as a reference the ENDF/B-VII.1 235U(n,f)
cross section. The values in brackets are the uncertainty in the last digit.

En (MeV) ∆En (MeV) σ (b) ∆σ (b) σ235,ENDF (b)

0.5 0.054 0.239 0.004 1.138(7)

0.9 0.046 1.08 0.02 1.142(7)

1.1 0.043 1.39 0.02 1.193(6)

1.5 0.038 1.38 0.02 1.240(7)

1.8 0.036 1.41 0.02 1.270(7)

1.8 0.090 1.46 0.02 1.271(7)

2.0 0.085 1.50 0.02 1.193(7)

2.5 0.075 1.46 0.02 1.262(7)

2.8 0.071 1.46 0.02 1.240(8)

Table B.11: Measured 242Pu(n,f) cross section using as a reference the ENDF/B-VII.1 238U(n,f)
cross section and the values obtained for the 238U(n,f) cross section in this experiment (see Table B.1).
The values in brackets are the uncertainty in the last digit.

En
(MeV)

∆En
(MeV)

σ (b) ∆σ (b) σ238,ENDF (b) σ (b) ∆σ (b) σ238,exp (b)

1.6 0.087 1.45* 0.02 0.420(3) 1.33 0.03 0.387(5)

1.7 0.085 1.40* 0.02 0.455(3) 1.34 0.03 0.436(6)

1.8 0.083 1.36 0.02 0.484(3) 1.35 0.03 0.482(7)

1.9 0.080 1.37 0.02 0.511(3) 1.39 0.03 0.521(8)

2.0 0.078 1.37 0.02 0.532(3) 1.42 0.03 0.550(9)

2.2 0.074 1.33 0.02 0.547(3) 1.38 0.03 0.565(10)

2.4 0.071 1.32 0.02 0.546(3) 1.39 0.03 0.575(10)

2.6 0.068 1.33 0.02 0.542(3) 1.42 0.03 0.579(11)

2.8 0.065 1.33 0.02 0.536(4) 1.43 0.03 0.578(10)

3.0 0.063 1.33 0.03 0.525(3) 1.47 0.04 0.578(10)

* Value not included in the final weighted average.
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Table B.12: Weighted average of the measured 242Pu(n,f) cross section (1) using the ENDF/B-
VII.1 238U(n,f) and 237Np(n,f) cross section normalization and (2) using the present 238U(n,f) and
237Np(n,f) cross section. An interpolation between two experimental values was performed prior to
the weighted average calculation not to bias the results when only one experimental normalization at
a single energy was available (either 238U(n,f) or 235U(n,f)).

En (MeV) ∆En (MeV) σ1 (b) ∆σ1 (b) σ2 (b) ∆σ2 (b)

0.3 0.047 0.064 0.003 0.064 0.003

0.5 0.054 0.237 0.010 0.236 0.006

0.7 0.037 0.57 0.03 - -

0.8 0.036 0.81 0.04 - -

0.9 0.046 1.08 0.05 1.07 0.03

0.95 0.023 1.24 0.04 1.21 0.02

1.0 0.018 1.31 0.05 1.29 0.03

1.05 0.021 1.35 0.05 1.34 0.03

1.1 0.043 1.38 0.05 1.38 0.03

1.15 0.022 1.38 0.05 1.39 0.03

1.2 0.031 1.39 0.05 1.40 0.03

1.3 0.031 1.32 0.04 1.33 0.03

1.4 0.029 1.33 0.04 1.36 0.03

1.5 0.038 1.37 0.04 1.38 0.03

1.6 0.087 1.34 0.05 1.38 0.04

1.7 0.085 1.33 0.04 1.37 0.03

1.8 0.090 1.40 0.04 1.42 0.03

1.9 0.080 1.42 0.02 1.45 0.03

2.0 0.085 1.44 0.02 1.47 0.03

2.2 0.074 1.41 0.02 1.46 0.03

2.4 0.071 1.39 0.02 1.44 0.03

2.5 0.075 1.39 0.02 1.43 0.02

2.6 0.068 1.40 0.02 1.45 0.03

2.8 0.071 1.40 0.02 1.46 0.03

3.0 0.063 1.42 0.03 1.47 0.04
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hagués arrivat fins aqúı. A la Mar (i al Javi), al Pere i al Mart́ı, per ser els germans

que qualsevol desitjaria tenir. A l’Iu i al Jan, per què, tot i ser els petits de la casa,
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[13] P. Salvador-Castiñeira, A. Tsinganis, M. Aı̈che, S. Andriamonje, G. Beliet,
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